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A quartz crystal microbalance (QCM) is extended to be operated in contact with 
droplets of various liquids including aqueous solutions, silicone oils and colloidal 
suspensions, which has demonstrated the capability of the droplet-based QCM of 
monitoring wetting or evaporation phenomena. The conventional application of 
the QCM is microgravimetry which is based on the Sauerbrey equation. However, 
the Sauerbrey equation uncovers the possible influence of the surface stress due to 
adsorption. In this thesis, it is recognized that when the QCM is miniaturized, the 
effect of the adsorption induced surface stress may come into play, distorting the 
microweighing results. Besides microweighing, it is recognized that the QCM can 
be operated in contact with droplets as a high-frequency interfacial rheometer for 
characterization of the liquid properties. However, there are still experimental and 
theoretical challenges left for the droplet-based QCM. In this thesis, we are 
mainly concerned with investigating a variety of nongravimetric effects arising 
from the dynamic contact angle between the droplet and the substrate, the 
viscoelastic properties of the liquids, the interfacial slippage and the coupled 
compressional waves. It is found that the proposed models can be mechanisms to 
interpret the reported experimental results, which have shown the abnormal 
increments in the resonant frequency when the QCM is operated in contact with 
droplets of silicone oils. Another example of the nongravimetric application of the 
QCM in contact with droplets is to monitor the evaporation of droplets of 
SUMMARY 
VI 
colloidal suspensions. In this work, alumina colloidal suspensions with varying 
solid concentration and particle size are tested, and the experimental results are 
evaluated by the proposed models in terms of the contact stiffness. On the 
theoretical side, it is shown that the contact stiffness which relies on different 
inter-particle interactions is likely to play a role in quantifying the measured 
quantities in the contact mechanics studies with the droplet-based QCM. The 
theoretical and experimental work in this thesis should deepen our understanding 
of the QCM in contact with droplets, and the ensuing discussions may contribute 
much to the increasing interest in applications of the droplet-based QCM as bio-
sensors in life science. 
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Chapter 1 Introduction 
 
 
Acoustic wave sensors are a versatile class of physical, chemical and biological 
sensors known to be cost-effective, high-resolution, mass sensing devices. The 
most widespread acoustic wave sensor is the Quartz Crystal Microbalance (QCM), 
also referred to as a thickness-shear-mode (TSM) resonator. This device was first 
proposed in 1959 by Sauerbray who reported the essential relationship between 
the decrease in the resonant frequency of the quartz crystal and the foreign mass 
deposited on the crystal surface. Since then the QCM has been widely used 
especially in monitoring the thickness or the growth rate of the thin metal films 
deposited in gaseous or vacuum ambient.  
 
In 1982 Nomura and Okuhara found that the QCM was capable of operating 
effectively in liquid environment, which has led to numerous studies on the QCM 
in contact with liquids. Recently the liquid-phase QCM has been widely applied 
in chemistry and biochemistry to monitor interfacial mass changes resulting from 
adsorption or absorption induced interaction between analyte in buffer medium 
and selective chemical/biochemical coatings pre-deposited at the crystal surface. 
Kanazawa and Gordon in 1985 established the essential model for the QCM in 
contact with Newtonian liquids which revealed the dependence of the frequency 
shift of the quartz crystal on the product of the density and viscosity of the liquids. 
However, the simple model established by Kanazawa and Gordon did not take 
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into account the influence of the energy loss due to either Newtonian or non-
Newtonian liquids present on the crystal surface. In order to study the changes in 
both the resonant frequency and dissipation, application of the more sophisticated 
model such as the equivalent circuit model is necessary. 
 
The theoretical framework of the equivalent circuit model for the QCM in contact 
with liquids is an attractive approach since it allows for the quantitative analysis 
of the viscous or viscoelastic properties of liquids in the immediate vicinity of the 
crystal-liquid interface. However, it has been shown that the QCM practically 
does not work well with semi-infinite liquid if its viscosity is greater than 50cP. 
The dissipation on the QCM caused by the highly viscous liquid is too large. Most 
polymers and gels as well as certain concentrated solutions can easily exceed the 
viscosity limit. A possible solution on this problem is to confine the contact area 
between the crystal and testing medium to a small spot at the center of the crystal 
which would make the measurements feasible. Therefore, application of the QCM 
in contact with small droplets would exhibit the potential advantage on serving as 
a sensor to probe viscoelastic materials like polymers, gels, and other complex 
fluids.  
 
1.1 Fundamentals of the Quartz Crystal Microbalance 
 
Piezoelectricity originally discovered by Jacques and Pierre Curie around 1880 
describes the relationship between the mechanical strains on certain crystals and 
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the resulted electrical polarization. The direct piezoelectric effect involves the 
generation of an electric displacement in a piezoelectric crystal by the application 
of a mechanical strain, whereas the converse piezoelectric effect involves the 
generation of a strain when an electric filed is applied to a piezoelectric crystal. If 
the applied electrical field oscillates, it provides a means for generating acoustic 
waves electrically in the piezoelectric crystal. Figure 1.1 shows schematically the 
general relationship between mechanical variables and electrical variables. 
 
 
Figure 1.1 Relationship between mechanical variables and electrical variables. 
 
Quartz is one of the most commonly used piezoelectric crystals due to its strong 
piezoelectric response, abundance, processability, anisotropy and high quality 
factor. The anisotropy is important in that different cuts of quartz have different 
responses to temperature and stress. Among those cuts, the most commonly used 
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especially in mass sensing applications is an AT-cut. As shown in Figure 1.2, an 
AT-cut quartz crystal is cut with an angle of 35.25˚ to the z-axis. The AT-cut 
crystal exhibits high frequency stability as well as a zero temperature coefficient 
of frequency between 0~50˚C.  
 
Figure 1.2 AT-cut of a quartz crystal. 
 
 
The quartz crystal microbalance (QCM), also referred as to the thickness shear 
mode (TSM) resonator, typically consists of an AT-cut quartz in a rectangular or 
circular plate with patterned electrodes on both sides, as schematically shown in 
Figure 1.3. Due to the piezoelectricity and cut orientation of the quartz crystal, the 
application of an alternating voltage across the electrodes results in a transverse 
acoustic wave in thickness shear mode that propagates across the thickness of the 
crystal and reflects back into the crystal at the surfaces. The amplitudes of shear 
displacement are parallel to the crystal surface, and displacement maxima occur at 
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the crystal surfaces, making the device sensitive to surface perturbation. If the 
lateral dimensions of the quartz plate greatly exceed the plate thickness ( qh ), the 
shear vibration can be treated one-dimensionally, which yields the resonance 








         (1.1) 
where N = 1,3,5… is the overtone number and qv  is the shear wave velocity in the 









   
 
        (1.2) 
q  and q  are the density and shear stiffness of the crystal, respectively. 
 
Figure 1.3 Schematic of a quartz crystal microbalance. 
 
 
One common use of the QCM is as a mass sensor in the determination of thin-
layer thickness or in gas sorption studies. If a thin rigid mass layer is attached to 
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the crystal surface, the relationship between the shift of the resonant frequency 






           (1.3) 
where f and m  are the change in resonance frequency and the added mass per 
unit area, respectively. It often defines a mass sensitivity or Sauerbrey constant 
fS as ff S m    . In a typical example, the density and the shear velocity of 
AT-cut quartz are 2650 kg m
-3 
and 3340 m s
-1
, respectively. With a resonant 




 which implies 
that a 17.7 ngcm
-2
 added mass is sufficient to induce 1Hz shift of resonance 
frequency. The high sensitivity of the QCM makes it an ideal thickness monitor 
during film depositions in vacuum or gas phase. Through suitable surface 
treatment on the electrodes, there are other applications in monitoring dry etching 
rates, metal oxidation rates, and diverse gas adsorption phenomena [Lu and 
Czanderna 1984; Ward and Buttry 1990, 1992; Grate 2000; Ricco et al. 1998; 
Liang et al. 2002; Williams et al. 2007]. 
 
Until the 1980s it was not recognized that the QCM can be operated in liquids 
[Nomura and Iijima 1981; Bruckenstein and Shay 1985]. As shown in Figure 1.4, 
when liquid is viscously entrained by the shear motion of the underlying crystal, 
an evanescent shear wave is generated at the surface, propagating into the liquid. 
Kanazawa and Gordon [1985] derived the equation of the frequency shift of the 
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          (1.4) 
where 0f  is the fundamental resonant frequency. This paved the way for numerous 
applications of the QCM in the liquid phase and especially in electrochemistry 
[Schumacher 1990; Buttry 1991; Ward and Buttry 1992] and biotechnology. In 
the latter case, the QCMs are primarily served as various biosensors to investigate 
adsorption of biomolecules from buffer solutions to functionalized crystal 
surfaces, as reviewed by Janshoff et al. [2000]. 
 
 
Figure 1.4 Cross-section view of fundamental shear mode displacement in a quartz 
crystal microbalance contacted on the upper electrode by a liquid. The liquid is 
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Figure 1.5 Equivalent circuit models to describe the near-resonance electrical 
characteristics of the quartz crystal microbalance on one side with a load
L
AZ : (a) 
transmission-line model (TLM); (b) lumped-element model (Butterworth-Van Dyke 
model). See Ref. [Johannsmann 2007] 
 
It is more convenient to describe the electrical characteristics of the quartz crystal 
microbalance in terms of an equivalent circuit that describes the impedance (ratio 
of applied voltage to current) or admittance (reciprocal of impedance) over a 
range of frequencies near resonance. There are two general types of equivalent 
circuit models that can be used to describe the QCM: the transmission line model 
(TLM) and the lumped-element model. A comprehensive review on equivalent 
Chapter 1 Introduction 
 9 
circuit models of the QCM has been given by Johannsmann [2007]. TLM model 
was first derived by Mason [1948] in which the mechanical ports are coupled 
through a transformer to the electric port, representing propagation of the acoustic 
waves in crystal, as shown in Figure 1.5 (a). By terminating the mechanical ports 
with arbitrary mechanical impedance LAZ  which reflects the surface loading 
condition, the electrical characteristics of the QCM can be derived from the TLM 
model. In the vicinity of resonances, the somewhat complicated TLM model can 
be simplified to a lumped-element model, also referring as to the Butterworth-Van 
Dyke (BVD) model. As shown in Figure 1.5 (b), the BVD model consists of two 
parallel branches: one being the static branch formed by a static capacitor 0C , and 
the other one being the motional branch formed by a series combination of a 
resistor 1R , an inductance 1L , a capacitor 1C  and the load impedance LAZ  as well. 
The elements ( 0C , 1R , 1L  and 1C ) that represent the unperturbed QCM are given 

































         (1.8) 
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where N is the overtone number; A  and qh are the area and thickness of the crystal 
plate; 2s sf  , where sf  is the series resonant frequency of the unperturbed 
crystal; 2K , 22 , q  and q  are the square of the quartz electromechanical 
coupling coefficient, dielectric permittivity, shear stiffness and effective viscosity, 
respectively.  
 
There is an important concept contained in the equivalent circuit model, which is 
the load impedance LZ . The load impedance LZ  is given as the ratio of the stress 
  and the velocity xu  at the crystal surface. LZ  is generally a complex quantity: 
the real part  Re LZ  refers to the stress component in phase with the velocity and 
represents energy dissipation at the interface; the imaginary part  Im LZ refers to 
the stress component out-of-phase with the velocity and represents energy storage 
at the interface. Under the small-load approximation in which the frequency shift 
is small compared to the resonant frequency of the unperturbed crystal, there is a 












        (1.10) 
where f  and   are the shift of the resonant frequency and the half-band-half-
width of the crystal, respectively; ff  is the fundamental resonant frequency of the 
crystal;  
1/ 2
q q qZ    denotes the acoustic impedance, where q  and q  are the 
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density and the shear stiffness of AT-cut quartz. In a few particular cases, the load 
impedance LZ  can be resolved into a series of real motional resistance LR  and 
inductance LL , given as L L LZ R i L  . 











  and 0LR        (1.11) 






















    (1.12) 
Inserting Eqs. (1.11) and (1.12) into Eq. (1.9), it enables to recover the Sauerbrey 
equation (1.3) and the Kanazawa equation (1.4), respectively. 
 
1.3 Applications of the Quartz Crystal Microbalance in contact with Droplets 
 
There is surely continuing interest in the applications of the QCM technique in 
microweighing. However, this technique is more versatile when it is recognized 
that the QCM can also be viewed in general as an acoustic reflectometer, as a 
high-frequency interfacial rheometer, or as a micromechanical probe. Although a 
number of physical, chemical or biological sensors based on the non-gravimetric 
QCM have already been developed in recent decades, there are still experimental 
and theoretical challenges left, particularly for more complex and heterogeneous 
load situations. It is not the purpose here reviewing applications and problems 
with reference to the non-gravimetric QCM, but it should give some instructive 
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examples in which the QCMs contacting with droplets are used for studies on 
spreading/evaporation of liquid droplets and adhesion between polymers and solid 
surfaces.  
 
1.3.1 QCM for Studies on Spreading or Evaporation of Liquid Droplets  
 
The QCM with one surface completely immersed in liquids has been commonly 
used for characterizing the liquid properties. However, certain pharmaceutical and 
biological fluids are either expensive or available in extremely limited amounts. 
Therefore, it is better to replace the fully immersion by just depositing a liquid 
droplet of microliter volume on the sensing surface of the QCM.  
 
Since the liquid droplet deposited on the QCM surface is not uniform and spreads 
with time, the Sauerbrey and the Kanazawa equations are not suitable to analyze 
the experimental results in measurements. Some investigations have been done 
both theoretically and experimentally on the oscillating quartz crystal in contact 
with liquid droplets. Lin et al. [1994] have applied the QCM for measuring the 
wetting velocities of droplets of surfactant superspreaders spreading on different 
solid substrates. In their study, Lin et al. have accounted for effects of the radial 
mass sensitivity distribution of the QCM and developed a relationship between 
the frequency shift and the wetting velocity of a Newtonian liquid droplet. The 
rate at which the droplet spreads on the surface from the center to the periphery 
can be determined from the frequency changes. Besides, Lin et al. have revealed 
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the effects of surfactant concentration and substrate surface energy on the wetting 
behavior. Stoebe et al. [1997] have also investigated the surfactant-enhanced 
spreading of liquid droplets on the modified QCM surfaces to reveal the 
dependence of wetting rate on microstructure of the surfactants. Another work of 
Lin’s group [1996] using larger electrodes and faster data recorder had improved 
the experimental accuracy. Despite the success of Lin’s group, the simple 
assumption of the static contact angle formed between liquid droplet and solid 
surface in wetting event is a fairly rough approximation. For a more accurate 
analysis of the experimental results, it is essential to account for effects of the 
dynamic contact angle within the hydrodynamic scheme.  
 
Besides the spreading process, the reverse process of evaporation of liquid droplet 
has also been investigated with the QCM. Joyce et al. [2000] utilized the QCM to 
monitor the evaporation processes for droplets of a homologous series of volatile 
alcohols. While Joyce et al. gave the qualitative interpretation of the experimental 
results in terms of two extreme evaporation modes of constant contact angle and 
constant wetting area, they can not quantitatively analyze the experimental results 
without accounting for the effects of surface morphology on the frequency shift. 
In addition, the droplet-based QCM has been used to monitor the drying of colloid 
suspensions [Pharm et al. 2004]. Although the latex and clay suspensions with 
different particle sizes were tested, revealing the strong size-dependence, it is still 
unknown whether drying of the particle suspensions of polymer beads or mineral 
powders would exhibit the similar size-dependence.  
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1.3.2 QCM for Studies on Adhesion between Polymers and Solid Surfaces  
 
The QCM is also attractive for studies on adhesion between polymers and solid 
surfaces. However, the typical QCM may be over-damped by soft matter when its 
viscosity is greater than 50 cP. Most polymers exceed this limit. However, if the 
contact area between the soft matter and the crystal surface is confined to a small 
spot at the center of the crystal, the measurement becomes feasible. Nunalee and 
Shull [2004] have established a JKR-QCM tester in which the soft matter such as 
rubbery polymers was molded into the shape of a hemisphere and pushed against 
the upper electrode. When the contact area was determined by optical microscopy, 
the viscoelastic parameters of the rubbery polymers in the contact zone can be 
extracted from the changes in resonant frequency and bandwidth of the QCM. 
Subsequently, in 2006 the Shull group exploited the capability of the JKR-QCM 
tester to investigate the adhesion between rubbery polymers and solid surfaces in 
a surrounding liquid. Theoretical model for the response of the QCM loaded with 
soft material (i.e. polymers or gels) where the contact area is submerged in liquids 
has been verified by several experiments. Studies done by the Shull group would 
stimulate the rapid development of the heterogeneous load method like the JKR-
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1.4 Objectives of the Thesis 
 
The common feature of the conventional liquid-phase QCM is that the sensing 
surface is completely immersed in liquids. However, recent studies have led to 
increasing interest to replace the complete immersion by depositing a droplet onto 
the sensing surface. The droplet-based QCM has diverse applications in chemical, 
biological and pharmaceutical engineering. For example, the droplet-based QCM 
has been used to monitor spreading or evaporation of liquid droplets. It has also 
been used to characterize the high-frequency modulus of rubbery polymers. But it 
is realized that the QCM response upon droplet loading is more complicated than 
full-coverage case. The role of interfacial stress played by liquids is still an open 
question for modeling the response of the QCM. In addition, when the droplet is 
deposited on the crystal surface, the Kanazawa model can not be applied because 
the loading is different from the uniform liquid layer. Even worse, the shape of 
liquid droplet varies with time in spreading or evaporation events. Few theoretical 
studies have been done on modeling the dynamic response of the QCM within 
hydrodynamic scheme. Moreover, in order to examine its potential capability of 
accessing physical properties of diverse liquids, it would be desirable to utilize the 
droplet-based QCM to study more complex fluids. Hence, the objectives of the 
thesis are to: 
 
 Develop theoretical model incorporating the adsorption-induced surface stress 
and examine its effects on the QCM response to the deposited film;  
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 Develop theoretical model for the time-dependent response of the QCM upon 
spreading liquid droplet within hydrodynamic scheme and verify the model by 
experiments using water and silicone oils;  
 Based on the experimental results of the droplet-based QCM contacting with 
silicone oil droplets, investigate the effects of interface slip and viscoelasticity 
on the QCM response; 
 Study in detail the influence of compressional wave generation in liquid 
droplets on the response of the QCM; 
 Apply the droplet-based QCM to monitor the evaporation process of colloidal 
suspensions with different particle sizes and concentrations.  
 
Theoretical models proposed in the thesis will be of importance in quantitatively 
analyzing the experimental results for the droplet-based QCM. The experimental 
results contained in the thesis can supplement those presented in earlier literatures. 
The present work may enhance understanding on how the QCM responses upon 
various liquid droplets and contribute to the follow-up applications of the droplet-
based QCM as a sensor for monitoring wetting or evaporation phenomena and 
accessing physical properties of complex liquids used in industry and life science. 
Industrial liquid media such as paints and clays, or biological fluids such as blood 
and protein solutions, commonly exhibit either viscoelasticity or colloid features. 
However, few systematic studies have been reported to utilize the QCM technique 
to characterize physical properties of these liquids. Henceforth, the present work 
will carry out the primary investigation through using the well-controlled liquids. 
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A series of silicone oils are chosen to study the effect of viscoelasticity, whereas 
alumina particle suspensions are representative of colloid suspensions.  
 
1.5 Organization of the Thesis 
 
In this chapter, an introduction of the quartz crystal microbalance, its equivalent 
circuit representatives, and applications of the droplet-based QCM has been given, 
followed by the objectives and organization of the thesis. 
Chapter 2 addresses the problem related to effects of adsorption induced surface 
stress on the response of the quartz crystal microbalance. 
Chapter 3 describes an approach of determination of the contact angle formed 
between liquid droplets and solid surfaces with the quartz crystal microbalance. 
In Chapter 4, the time-dependent response of the quartz crystal microbalance in 
contact with liquid droplets spreading on the sensing surface is studied.  
In Chapter 5, it addresses the effects of interface slip and viscoelasticity on the 
response of the droplet QCM and presents some experiment examples.  
In Chapter 6, it continues to discuss the effects of compressional waves on the 
response of the quartz crystal microbalance in contact with silicone oil droplets. 
Chapter 7 presents the application of the quartz crystal microbalance to study the 
evaporation of colloidal suspension droplets. 
Finally, some concluding remarks are given in Chapter 8. 
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Chapter 2 Effect of Adsorption Induced Surface Stress on 





When foreign material is adsorbed on the quartz surface in air or vacuum, 
Sauerbrey [1959] first reported that the measured frequency reduction was 
linearly proportional to the added mass in a simple model. However, the adsorbed 
material at the interface between the crystal and the adsorbed material might 
induce the surface stress variation besides surface mass loading. Hence, the 
frequency shift of the QCM is probably caused by the combination of the mass 
loading and the adsorption-induced surface stress [EerNisse 1972]. Typical QCMs 
with fundamental frequencies in the range of 5~30 MHz may have no trouble 
with the surface stress effects. However, aiming to obtain higher mass sensitivity, 
it is necessary to use the high-frequency QCM resonators (i.e. the fundamental 
frequency up to 150 MHz and its thickness down to 1μm), that would suffer from 
the surface stress effects. It is expected that as the dimension of the QCM 
resonator shrinks, the surface-to-bulk ratio increases and thereby the surface stress 
tends to play a more important role in the QCM measurements. However, the 
influence of the adsorption-induced surface stress on the QCM response has been 
rarely studied in early literatures. In this chapter, the problem in this aspect is first 
addressed. 
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Gurtin and Murdoch [1975, 1976 and 1978] have proposed a continuum model of 
surface elasticity, in which the surface of a solid is regarded as a negligibly thin 
layer with different material properties adhering to the underlying bulk material 
without slip occurring at the interface. Non-classical boundary conditions arise to 
ensure the force balance for the surface layer. Consequently, a set of equations, 
including the non-classical boundary conditions, the surface elasticity relating to 
the surface layer, and the classical elasticity for the bulk material, have combined 
to provide one mechanical model to describe the behavior of material considering 
the surface effects. 
 
In order to incorporate the adsorption-induced surface stress effect, the modified 
thin plate theory which combined with Gurtin and Murdoch’s surface elasticity 
theory has been developed in the present work. The model has been applied to 
investigate the influence of the adsorption induced surface effect on the response 
of QCM. Numerical examples show that the proposed model provides an insight 
into the fundamental understanding of the effects of adsorption-induced surface 
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2.2 Theoretical Model 
2.2.1 Three Dimensional Equations 
 
Figure 2.1 Schematic view of a partially coated piezoelectric plate 
 
Consider an unbounded, partially covered piezoelectric crystal plate of 
monoclinic symmetry in an orthogonal system of axes, where the thickness of the 
plate is set to be parallel to the y axis as shown in Figure 2.1. Both the mass 
loading and the surface stress due to the adsorption need to be considered. First, 
let us review the thin plate theory proposed by Mindlin [1966, 1967] who 
formulated the three-dimensional equations concerning the vibrations of a 
piezoelectric crystal plate. The piezoelectric relations are: 
1 11 1 12 2 13 3 14 4 11 1
2 11 1 22 2 23 3 24 4 12 1
3 13 1 23 2 33 3 34 4 13 1
4 14 1 24 2 34 3 44 4 14 1
5 55 5 56 6 25 2 35 3
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(2.2) 
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where iT , iS , iE , iP  are the components of the stress, strain, electric strength, and 
polarization, respectively. And ijc , ije , ij  are the elastic, piezoelectric, and 
susceptibility coefficients of the material, respectively.  
The strain-displacement relations are 
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(2.3) 
The stress equations of motion are 
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and the electric field equations are 
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2.2.2 Derivation of Plate Equations 
 
Assuming that the normal component of the tractions on the top and bottom 
surfaces ( / 2y h  ) of the piezoelectric crystal plate ( / 2y h  ) is neglected, 
then 
     2
0T 
             (2.7) 
Herein the surface layers adhering to the bulk material ( / 2y h  ) are no longer 
traction-free based on Gurtin and Murdoch’s surface elasticity theory. Instead, the 
in-plane components of the surface stresses within the surface layers 
( / 2y h  )denoted by 
 , satisfy the condition of force balance: 
 





   
   
 
 
   




   (2.8) 
 
where 2T
  are bulk stresses at / 2y h  , u
  are the displacements at / 2y h  , 
and 0
  are the surface densities of the surface layers at / 2y h  , and ,  =1,3. 
On the other hand, the out-of-plane components of surface stresses are assumed to 
vanish. Such a simplified stress state is accurate enough for analyzing the global 
response of the plate.                                         
 
Five plate-stress components (three stress couples and two stress resultants) are 
defined by 
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In addition, three plate-polarization components are defined by 
 
    

























According to the Mindlin plate theory [1966, 1967], the four dependent variables 
can be expressed in terms of power series expansion: 
 



























(0) and (1) are functions of x, z and t only. 
 
Since we only consider the two-dimensional problem, the response of the plate is 
independent of the z-dimension, suggesting that all components in the z-direction 







(0) and (1) are functions of x and t only. 
Thus, Eq. (2.11) can be reduced to 
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Using Eqs.(2.1)-(2.3), (2.5) and (2.12), Eqs.(2.9) and (2.10) can be expressed in 
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The correction factor 2k is introduced to accommodate the exact solution of the 
three-dimensional equations and its evaluation will be determined later. The 
three-dimensional differential equations are converted to plate equations by 
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integrating over the thickness of the plate after multiplying Eq. (2.6) and the first 
and third of Eq. (2.4) by y. Using Eqs. (2.7) to (2.13), we can have 
 















































Inserting Eq. (2.13) into Eq. (2.15) and introducing a factor i te  , it yields  
 






(1) (1) (0) (1) (1)
1 1,11 1 ,11 6 2,1 1 6
2 (1)
6 6 1
(0) (1) (1) 2 (0)
6 2,11 1,1 6 ,1 2
(0) (0)
4 1,1 4 ,1 4 4
(1) (1) (1)







D u F D u u F
h
T T Yu
D u u F hu
h









   
   
   











Chapter 2 Effect of Adsorption Induced Surface Stress on Response of QCM 
26 
2.2.3 Governing Equations with Surface Effects 
 
We denote the top and bottom surfaces ( / 2y h  ) of the piezoelectric plate as 
the surface layers S  and S  , respectively. The constitutive relations for the 
surface layers S  and S   are given by Gurtin and Murdoch [1975, 1976, 1978]: 
 
    
    0 0 0 , , 0 0 , 0 ,u u u u                                        (2.17a) 
    2 0 2,
u  
  
                   (2.17b) 
 
where 0
 are the residual surface stress tensions under unconstrained conditions, 
0
 and 0
  are the surface Lame’ constants, on the surface S  and S  , respectively. 
Substituting Eqs. (2.12), (2.17a) and (2.17b) into Eq. (2.8), we have 
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    4 4
0T T  
            (2.18c) 
 
It is worth noting that zQ = 0 when Eq.(2.18c) is substituted into the third equation 
of Eq. (2.15). Here we consider the situation in which the top and bottom surface 
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layers have the same material properties, and thus 0
 , 0
 , 0
  are identical 
at / 2y h  . Using Eqs. (2.18a) and (2.18b), we have 
 
    
  (1) 2 (1)6 6 0 0 1,11 0 12T T hu hu             (2.19) 
 
From the last equation of Eq. (2.16), we obtain 
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where C  and 0  are integral constant. C  is equal to zero in the present case. 
Substituting Eqs. (2.19) and (2.20) into the first and second equation of Eq. (2.16), 
we have  
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By substituting Eq.(2.23) into Eq.(2.21), the so-called governing equation relating 
to the thickness-shear mode vibration of the piezoelectric crystal plate can be 
reduced to the expression with one variable only:  
 
    
 
2 2
(1) 2 2 (1)6
1 1,11 0 1 1 6 0
12 2
D h h
D u Y u F    
   
        
      (2.24) 
 
where 1  is defined as the cut-off angular frequency and is given by 
 




















       (2.25) 
 
It is clear from Eq.(2.24) that the surface effects have been incorporated into the 
equation of motion. 
 
2.2.4 Characteristic Equations 
 
The governing equation of the piezoelectric crystal plate including surface effects 
can be applied to study the behavior of the QCM that is partially covered. We 
consider the situation in which negligibly thin analyte films (i.e. metal coating) 
are rigidly coupled to the top and bottom surface layers of the quartz crystal 
resonator (Figure 2.1). The analyte also results in adsorption-induced surface 
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stress. It has been demonstrated that for the quartz crystal, the contribution due to 
its piezoelectric character is sufficiently small. Hence we can simplify Eq.(2.24) 
so that the equation relating to the covered area of the quartz resonator can be 
reduced to: 
 
    
*2
6 26* *2 *(1) *2 *2 *(1)
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In Eq.(2.26), the superscript * is used to denote the quantities considering the 
surface stress. Meanwhile, the subscript p is used to denote the quantities relating 
to the covered part of the QCM. For the quartz material, the parameters in Eq. 
(2.26) are as followings:  
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In Eq. (2.26) and Eq. (2.27), the parameters *2
6 pk  and 
*2
1p  do not rely on surface 
parameters and should be written as 26 pk  and 
2
1p . Eq. (2.26) can be used to derive 
the equation relating to the covered area of the quartz crystal resonator not 
considering the surface stress, with the result [Zelenka 1986]: 
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then, Eq. (2.26) and Eq. (2.28) can be further simplified, respectively, with the 
results: 
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On the other hand, the equation relating to the uncovered area of the quartz 
resonator is formulated as [Zelenka 1986]: 
    
(1) 2 (1)
1,11 1 1 0u u            (2.33) 
where 























,                                (2.34) 








Consider the free vibration case when 0 = 0, leading to the solutions satisfying 
Eq. (2.31) and Eq. (2.33) as follows: 
 
    
*(1) * *
1 cosp pu A x , 
(1)
1 1exp( )u B x   
 
Further, we apply the continuity conditions at the interface between the covered 
and uncovered parts (i.e., / 2x l  ) as follows: 
 
    
*(1) (1) *(1) (1)
1 1 1 ,1 1,1,p pu u u u                     (2.35) 
 
Then, the characteristic relation for the problem can be obtained: 
 
    
 * *1tan / 2 /p pl                (2.36) 
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Solving the characteristic equation Eq. (2.36), the resonant angular frequency *R , 
which undergoes the influence of the adsorption-induced surface stress, can be 
determined. Similarly, the characteristic relation for the case corresponding films 
without surface effects can also be obtained: 
 
    
  1tan / 2 /p pl          (2.37) 
 
Solving the characteristic equation Eq. (2.37), the resonant angular frequency R , 
without the influence of the adsorption-induced surface stress, can be determined. 
 
2.3 Numerical Examples  
 
To study the influence of surface stress, we apply the derived model to the 
vibration of the quartz crystal with partially covered films of finite length l 
(Figure 2.1). Two sets of material parameters given by Gurtin and Murdoch [1975, 
1976, 1978] are used in the numerical calculations. Material I is for a quartz 
substrate with iron (~ 100 nm thick) deposited on the surface, and Material II is 
for a freshly cleaved surface. 
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for Material I, and 
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0 1.7N/m  ,
6 2
0 7 10 kg/m
 
, 
for Material II. 
The changes in the angular frequency ratio * /R R  , where
*
R  and R  are, 
respectively, the resonant angular frequencies of considering and not considering 
surface stress, are shown in Figure 2.2 as function of the thickness of the quartz 
substrate, with fixed the span-to-thickness ratio s = l/h (i.e. s = 100 in Figure 2.2), 
for the data of Material I.   
 
Figure 2.2 Frequency ratio of varying thickness for a quartz substrate deposited 
with iron. 
 
As shown in Figure 2.2, it is evident that surface stress of tension naturally 
increases the resonance frequency shift because the effective shear modulus of the 
quartz substrate is enhanced due to the surface stress. The magnitude of the 
augments in resonance frequency shift varies with the thickness of the quartz 
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substrate. The thinner the substrate, the larger the surface-to-bulk ratio, 
consequently the greater is the increment of the resonant frequency shift. The 
effect of the surface stress is significant when the thickness of the quartz substrate 
reduces to the scale of 300 nm or smaller. It implies that, at micrometer length 
scales, the absorbed mass can not be calculated by using the well-known 
Sauerbrey equation, because the surface effect dominates and modifies the 
response of the quartz crystal resonator.  
 
However, the situation for Material II is problematic because the surface stress for 
a freshly cleaved surface is so weak that *R  is slightly less than R  even as the 
thickness of the quartz substrate reduces to scale of 1nm or smaller. However, it is 
expected that the angular frequency ratio * /R R   would decrease with decreasing 
thickness of the quartz substrate due to the compressive nature of the surface 
stress for a freshly cleaved surface [Lim and He, 2004]. Since having not found 
proper surface parameters for quartz, the material constants for the surface layers 
in the numerical computations of this paper are used relating to the glass substrate 
[Lim and He, 2004]. Therefore, it might be plausible to regard the surface 
constants of the quartz as the same as glass. However, one can still qualitatively 
estimate that larger stress-induced frequency shift may occur for monolayer 
adsorption of metals onto the quartz crystal microbalance. However, the situation 
in applications of QCM as bio-sensors is more problematic because the typical 
surface stress changes due to the bio-molecular adsorption are usually less than 
0.01N/m [O’Shea et al. 1996; Wu et al. 2001]. As a result, in bio-molecular 
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systems, the adsorption-induced stress effect may cause negligible frequency shift 




The effect of adsorption-induced surface stress on the response of a quartz crystal 
microbalance (QCM) has been investigated. A thin plate model incorporating the 
adsorption-induced surface stress defined by the experimental parameters has 
been proposed. A major conclusion from the numerical examples is that as the 
thickness of a QCM shrinks, the surface stress trends to play an important role in 
sensing, and is more significant for smaller scales. Therefore, the measured 
resonant frequency shift of the QCM is controlled by combination of mass 
loading and adsorption-induced surface stress. The model can be used to provide 
an insight into the fundamental understanding of the effect of adsorption-induced 
surface stress on micro- and nano-QCM response upon the deposition of metal 
films, or bio-molecular adsorption. However, to predict the overall response of 
QCM upon adsorption, reliable properties of bulk materials and surface layers 
should be known. Thus, the novel measurement techniques or efficient atomistic 
computational means are expected to extract the constants.         
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As a starting point for investigating interfacial surface tension and energy, contact 
angle phenomena have been investigated for centuries which have inspired many 
methodologies for determining the contact angles of liquids. Recently, the quartz 
crystal microbalance (QCM) has been widely served as a chemical or biochemical 
sensor to study diverse interfacial properties such as the wetting abilities of 
liquids or polymer gels on modified solid substrates [Lin and Ward 1994, 1996; 
Borovsky et al. 2001; Nunalee and Shull 2004, 2006; Kunze et al. 2006]. The 
QCM has been proven to be promising technique for gaining direct information of 
contact angles of liquids on solid surfaces. Lin and Ward [1994, 1996] proposed a 
QCM method to measure the contact angle formed between a single aqueous 
droplet and the crystal surface. The basis of their measurement was that the 
contact area between the aqueous droplet and the electrode surface of the crystal 
was dependent on the droplet volume and the contact angle and could be linearly 
related to the changes in the resonant frequency in the limit of sufficiently small 
coverage. However, since only a single droplet was employed in Lin’s method, 
the measured contact angle might be inaccurate due to  experimental errors. In 
addition, the linear relationship between the frequency shift and the contact area 
would break down for the larger contact area due to the nonuniform sensitivity of 
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the QCM across its surface. Therefore, we have extended Lin’s work by relaxing 
the assumption of small coverage and investigating a more general case of 
multiple aqueous droplets that are sequentially added onto the QCM surface. The 
sessile contact angle can be directly deduced from the changes in the resonant 
frequency. By using multiple droplets, it enables our method to overcome the 
shortcoming of single-droplet method and enhance the accuracy of the measured 
contact angle. It begins with a brief review of the theoretical background. The 
experimental results for pure water droplets are then present to investigate the 
validity of the proposed QCM method for determination of the contact angle of a 




The response of the QCM upon diverse loading conditions can be generalized in 
terms of a complex frequency shift in resonant frequency, f  , as follows: 
 f f i             (3.1) 
where the real part of the complex frequency shift, f , is the change in the 
resonant frequency and the imaginary part,  , is the change in the dissipation. 
For the QCM in contact with a static liquid droplet, Kunze et al. (2006) have 










         (3.2) 
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where ff  is the fundamental resonant frequency; 
6 -2 -18.8 10 kgm sqZ    is the 
acoustic impedance of AT-cut quartz; cA  is the contact area; 0A  is the active 
electrode area, defined as the area of the smaller of the two circular electrodes on 
the quartz disk; AK  is the contact area-dependent sensitivity factor;  the quantity 
loadZ
  is the load impedance of the liquid, which is related to the density l , the 








         (3.3) 
Assuming the distribution of the vibrating displacement amplitude over the QCM 
surface is roughly Gaussian, then the quantity 0/A cK A A  in Eq. (3.2) can be 
approximated as: 
 0 0/ 1 exp( 2 / )A c cK A A A A         (3.4) 
where the value of   is generally around 1 for the oscillation at the fundamental 
frequency [Lin and Ward 1996; Kunze et al. 2006], and is set to be 1 herein. 
 
We assume the small liquid droplet located on the QCM surface as a spherical cap 
with radius R . The volume of the droplet dV  and the liquid-electrode contacting 


















         (3.5) 
where r is the contact radius between the droplet and the crystal. If the effect of 
gravity is ignored, 2r  can be expressed in terms of dV  and   as 
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         (3.9) 








         (3.10) 
The values of 1C  can be determined from Eq. (3.9) based on experiment results. 
Then, plotting 1ln C  versus 
2/3
dV  according to Eq. (3.10) resulted in a straight line 
with the slope of  02 /C A . The value of C  can be calculated from the value 
of the slope. Consequently, the fitting value of the contact angle θ can be deduced 
fromC  according to Eq. (3.7). 
 
3.3 Experimental Setup 
 
AT-cut quartz crystals (Maxtek Inc.) with 5 MHz fundamental frequency has a 
diameter of 2.54 cm and is 0.33 mm in thickness. Gold electrodes (~ 160 nm thick) 
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in polished form were deposited on chromium adhesion layers (~ 15 nm thick) on 
both sides of the crystal. The asymmetric electrode pattern was adopted where the 
upper electrode, contacting with the liquid droplet, had a larger radius 
( e,upper 6.45mmr  ) than the lower electrode ( e,lower 3.3mmr  ).The crystals were 
mounted in the holder CHC-100 (Maxtek Inc). As shown in Figure 3.1, the crystal 
holder was connected to Research Quartz Crystal Microbalance (RQCM) (Maxtek 
Inc.) that measured changes in resonant frequency and logged data with real-time 
graphing. The data processing was performed with a PC. 
 
  
Figure 3.1 Apparatus images: the left shows the RQCM set connecting with a holder, 
whereas the right shows a liquid drop is brought into contact with gold electrode of 
the quartz crystal. 
 
The crystals were cleaned by the ultrasonic cleaner and then rinsed with ethanol 
throughout and dried within the lab atmosphere (ambient temperature 23 0.5 C   
and relative humidity 60 5% ). To deposit droplets onto the center of the gold 
electrode, the digital micropipette with a disposable plastic tip was employed. The 
disposable plastic tips were used to prevent cross-contamination and ensure the 
accuracy of the amounts of droplet. The droplet volume was 1.0 0.01μL . 
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3.4 Results and Discussion 
 
Figure 3.2 shows the pattern of the frequency changes upon sequential additions 
of controlled amount of pure water droplets on the center of the gold electrode. It 
reveals that the sudden couple between one liquid droplet (1µL) and the QCM 
resulted in an immediate decrease in resonant frequency. Subtle disturbances due 
to the droplet settling on the surface lasted for one or two seconds and afterwards 
the frequency shift stabilized. Further decreases in the resonant frequency with the 
same pattern can be observed when multiple droplets were sequentially added on 
the center of the surface. There was a 30-second-interval between two injections. 
The overall changes in the resonant frequency with increasing amounts of pure 
water droplets are summarized in Table 3.1. The data in Table 3.1 are the mean 
values obtained from eight trials (the variation of the data is within ±3%). 
 
Figure 3.2 Time monitoring of frequency behavior of the QCM upon sequential 
additions of controlled amounts of pure water droplets to the center of the gold 
electrode. Arrows 1 ~ 10 indicate the times of injections of the liquid drops. 
 




Table 3.1 Changes in the resonant frequency, resulting from additions of different 
volumes of pure water droplets to the center of the QCM surface under air 
 













Each value for the frequency shift is the mean of eight groups of experimental data. 
 
In the context of Young’s equation, the contact angle of a liquid droplet on a solid 
surface is defined by the mechanical equilibrium of the droplet under the action of 
three interfacial tensions (solid-vapor tension sv , solid-liquid tension sl , and 
liquid-vapor tension lv ) as following: 
  coslv sv sl             (3.11) 
where  is the Young contact angle. The validity and applicability of Young’s 
equation suggest that the interfacial tensions sv , sl  and lv  are assumed be 
material constants during the experiment, i.e. there should be no physical or 
chemical reaction between the solid and the liquid. While there is no reason to 
question the applicability of Young’s equation, it implies a single, unique contact 
angle; and on one and the same solid surface, the contact angle of certain liquid is 
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constant, neither dependent on the volume nor the time.  In practice, however, 
there might obeserve multi-value contact angle phenomena that are caused by 
either the heterogeneity of the solid surface or the line tension [Li 1996]. While 
such phenomena might be interesting in a different context, they are disregarded 
since our goal is to investigate the contact angle under the ideal equilibrium 
condition. Thereby, the above assumption on constant contact angle during the 
experiment ensures the validity and applicability of the QCM method. 
 
 
Figure 3.3 Plot of 1ln C  versus 
2/3
dV  . Squares (■) represent different volumes of 
droplets. The dash line is linear fit to the data. 
 
 
Based on the experiment data given in Table 3.1, a plotting of 1ln C  versus 
2/3
dV  
(Figure 3.3) reveals that 1ln C  decreases monotonically with increasing values of 
2/3
dV . Numerical fitting according to Eq.(3.10) gives 1.8474C  . Then the value 
of the contact angle   between the pure water droplet and the gold electrode can 
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be determined by Eq.(3.7), which is equal to 28˚. Techniques and procedures may 
differ on values of the experimentally measured contact angles. Freshly cleaned 
gold plates, as first shown by Gardner and Woods [Gardner and Woods 1973, 
1974, 1977], produced zero contact angles. However, it is known that gold readily 
adsorbs contaminants from air. The gold surfaces with exposure to air for nearly 
30 seconds were found to have nonzero contact angles, usually 5˚~10˚ [Biggs and 
Mulvaney 1994]. Longer periods of exposure, as shown by Neto [2001], could 
result in the enhanced contact angles between 15˚ and 30˚, eventually to 47˚ after 
15 minutes. Under our laboratory environment, as the gold electrodes were dried 
in lab atmosphere for several minutes, the value of the contact angle obtained by 
the QCM method was reasonable and gave a good agreement with Neto’s results. 
The discrepancies may be due to departure from the assumption of a spherical 
geometry for the water droplet. 
 
3.5 Summary  
 
A novel method for determination of the contact angle of liquid droplets by using 
the QCM has been proposed in this chapter. It was based on the dependency of 
the shift of the resonant frequency on the contact area between the liquid droplets 
and the QCM surface. The measurement of the contact angle of pure water was in 
agreement with that of optical goniometry.  It is anticipated that the QCM ought 
to work just well in opaque media where goniometry, for example, will not. 
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The quartz crystal microbalance (QCM) has long been used as a mass sensitive 
device to monitor mass changes and physical properties of thin layers deposited 
on surfaces. Early applications of the QCM involved the measurement of minute 
mass deposited under vacuum [Sauerbrey 1959]. Recently, the QCM has been 
developed to investigate liquid properties such as the density and viscosity of 
liquids based on the Kanazawa equation [Kanazawa and Gordon 1985]. This 
extends the new biochemical sensor applications of the QCM operating in liquid 
media to in situ monitoring of changes occurring at the fluid-solid interface. 
However, certain pharmaceutical and biological fluids either are expensive or 
available in extremely limited quantity. It therefore facilitates the replacement of 
the complete immersion by introducing one microliter droplet to access the liquid 
properties with the QCM. Some works have been done recently for the theoretical 
and experimental studies on the response of the oscillating quartz crystal in 
contact with a liquid droplet [Lin et al. 1994, 1996; Stoebe et al. 1997; Joyce et al. 
2000]. In the proposed models, the influence of the radial mass sensitivity of the 
QCM on the frequency changes arising from the radial spreading of the liquid 
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droplet on the oscillating quartz crystal was considered, while the constant contact 
angle between the droplet and the crystal surface was assumed for the dynamic 
wetting processes. To facilitate the interpretation of the experimental results, the 
theoretical models can be further modified to account for the contribution of the 
dynamic contact angle on the QCM response during the spreading processes. 
 
An improved model which connects the frequency shift of the QCM with the time 
evolution of liquid droplets spreading on the electrode of the QCM is presented in 
this chapter. Dynamic spreading of liquid droplets on solid surfaces has been well 
studied by many investigators [de Gennes 1985; Tanner 1979; Starov et al. 1994; 
Cazabat 1992; Cazabat et al. 1997; Coninick et al. 2001; de Ruijter et al. 1999; 
Seaver and Berg 1994] in which the spreading behavior of the liquid droplets can 
be properly modeled by hydrodynamic approach. Combining the expressions for 
the frequency shift of the QCM and the dynamic contact angle for the liquid 
droplet, a set of modified relations are derived and presented.  
 
Based on the proposed theoretical platform, it is possible to quantitatively analyze 
how the variation of the dynamic spreading influences the frequency changes of 
the QCM loaded by a liquid droplet. It reveals that the combination of the 
knowledge about the radial sensitivity of the QCM and the wetting kinetics of the 
liquid droplet may facilitate the interpretation of the experimental results. The 
comparison of the results predicted by the theoretical model and those obtained by 
the experiments performed with silicone oil has been given. 




Sauerbrey first quantified the decrease of the QCM resonant frequency when an 










           (4.1) 
where f  is the resonant frequency shift, 0f  is the fundamental resonant 
frequency of the quartz crystal, m  is the surface mass change, QA  is the active 
electrode area, Q  is the density of the quartz (2651 kg m
-3
), Q  is the shear 
modulus of the quartz crystal ( 102.95 10  N m-2), and 0S  is the uniform mass 









         (4.2) 
When the quartz crystal is immersed in liquid media and oscillates at its resonant 
frequency, an exponentially damped shear wave is radiated into the liquid. The 
frequency shift under liquid loading thus depends on the viscosity   and the 









     
 
      (4.3) 
The Kanazawa frequency shift corresponds to an effective mass of the liquid layer 
with thickness of one half of the decay length . Thereby, the Kanazawa equation 
Chapter 4 Frequency Response of QCM Loaded by Spreading Liquid Droplets 
48 
can be recovered with the Sauerbrey equation by introducing / 2m A  . The 
value of the decay length δ can be obtained from 
  
1/ 2
0/ f           (4.4) 
It is known that the mass sensitivity of the QCM is the highest at the center of the 
sensing surface and vanishes toward the edges [Hiller and Ward 1992; Ward and 
Delawski 1991; Sekimoto 1984]. The radial mass sensitivity distribution  S r  of 
the QCM empirically follows a Gaussian function [Lin et al. 1994; Martin and 
Hager 1989; McKenna et al. 2001; Josse et al. 1998]: 
   2 2eexp /S r K r r        (4.5) 
where K  is the maximum mass sensitivity at 0r  and is decreased with mass 
loading,  er  is the radius of the sensing surface of the QCM, and   is a parameter 
defining the steepness of the sensitivity dependence on r . The value of the 
parameter   for various modified sensing surfaces was observed with   ranging 
from 2.01 to 2.15. The parameter 2 /er   not only depends on the droplet size, but 
also has an influence on the resonant frequency. As 2 /er   increases, the resonance 
frequency decreases.   was chosen to be 2 in the present analysis for simplicity. 
Since the electrode configuration of the QCM used in our experiments is similar 
to that used by Lin et al. [1994] where the bottom electrode had a radius about 
half that of the top electrode, we also chose 2    in the modeling.   
 
It should be noted that the mass sensitivity distribution  S r  actually depends not 
only on the quartz crystal configuration but also the electrode geometry. Hiller 
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and Ward [1992] experimentally demonstrated that the crystal contouring for the 
plano-convex quartz resonator increased the mass sensitivity toward the resonator 
center; Josse and co-workers [1998] studied the influences of the electrode 
geometries of the quartz resonators on the mass sensitivities; and Lin et al. [1994] 
showed that the loading conditions also have an influence on the appearance of 
 S r . Therefore, the sensitivity parameters K and   in Eq. (4.5) would vary for 
the crystals that have different resonant frequencies, electrode geometries, and 




Figure 4.1 Schematic view of a liquid drop localized on the QCM surface with the 
contact angle θ and the base radius rb.  re is the radius of the active electrode. 
 
As a liquid droplet is deposited on the QCM surface (Figure 4.1), it spreads first 
till it forms a stable droplet, so the contact angle decreases and the base radius 
increase. In the present analysis, it is assumed that the droplet takes the shape of a 
spherical cap during the spreading process. The Kanazawa equation modeling the 
response of the QCM coming into contact with a semi-infinite liquid now seems 
to be oversimplified. Instead, the frequency shift due to radial spreading of the 
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liquid droplet on the gold electrode of the QCM, as shown in Figure 4.1, can be 
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b b( , ) csc / coth r t r r r 
 
   
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    (4.7) 
( )xr t denotes the radius where ( , )h r t  falls within the effective thickness / 2 , so 
that ( ( )) / 2xh r t  .   is the dynamic contact angle formed between the moving 
liquid interface and the solid surface at the contact line. It should be noted that the 
present analysis is only concerned with the case of hydrophilic wetting (θ < 90˚). 
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    (4.8) 
It reflects that both the mass sensitivity distribution of the QCM and the spreading 
behavior of the liquid droplet contribute to the frequency response. Normalizing 




Kanazawa rf K 

  , it 
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   (4.9) 
Eq. (4.9) involves the base radius br  and the dynamic contact angle  , suggesting 
that the radial sensitivity of the QCM and the variation in the dynamic contact 
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angle are coupled to affect the frequency changes of the QCM. To assess the 
frequency changes over time, Lin et al. [1994] made use of the geometrical 
relation between the base radius and the contact angle, which was a fairly rough 
approximation without considering the dynamic spreading of the liquid droplet. 
For a more accurate analysis, it should be considered within the hydrodynamic 
scheme of wetting kinetics. 
 
Considering a Newtonian liquid droplet spreading on a smooth and homogeneous 
solid surface, a relation between the apparent contact angle   and the velocity of 
the contact line U  is given by de Gennes [1985]: 







         (4.10) 
where m is a numerical constant;   and LV  are the viscosity and the surface 
tension of the liquid, respectively. This relation is consistent with the Tanner law 
as a result of the zero-order approximation: 
 3 9 Ca           (4.11) 
where Φ is a numerical constant [Tanner 1979; Gerdes et al. 1997], andCa  is the 
capillary number that is equal to LV/U  . Herein it examines a small, thin 
Newtonian droplet that is close to a spherical cap. Its central height ch  is much 
smaller than its base radius br  when its contact angle is assumed to be small (θ << 






         (4.12) 
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where the droplet volume V is assumed to be constant with weak evaporation. 
Consequently, the spreading rate U can be obtained as 
 
   
1 3 1
3 1 -3 3 +1b LVd 1
d 3 1
m
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   (4.13) 
Using Eqs. (4.11) and (4.13), it yields  
 
   
1/3
-3 3 +1
3 1 -3 3 +1LV9
3 1
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   
   (4.14) 
Incorporating Eqs. (4.12) and (4.14) with Eq. (4.8), we can develop a relationship 
between the time evolution of the Newtonian liquid droplet, which is added onto 
the QCM surface and spreads toward its equilibrium shape, and the frequency 
change. Using this relation, it is possible for us to quantitatively analyze the 
undiscovered influence of the variation in the dynamic contact angle on the 
frequency change of the QCM loaded by a liquid droplet.  
 
 
4.3 Experimental Setup 
 
Figure 4.2 Schematic diagram of the experimental setup. 
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A schematic diagram of the experimental setup is given in Figure 4.2. The 5 MHz 
AT-cut quartz crystal (Maxtek Inc., CA) was 2.54 cm in diameter and 0.33 mm in 
thickness. Polished gold electrodes (~160 nm thick) were deposited on chromium 
adhesion layers (~15 nm thick) on both sides of the crystal. A polished electrode 
finish is helpful for ensuring surface homogeneity and excluding the roughness 
effect. An asymmetric configuration for the electrodes was adopted where the 
upper electrode had a larger radius ( e,upper 6.45mmr  ) than the lower electrode 
( e,lower 3.3mmr  ). The crystal was mounted in a holder, and it was driven by 
RQCM (Maxtek Inc.). The data of the frequency changes were recorded by 
RQCM and processed by a personal computer. 
 
The liquid droplet was added onto the center of the upper gold electrode using a 
digital micropipette with a plastic tip to prevent contamination and to ensure 
accuracy. The volume of the liquid droplet employed was 2.0 0.01μL .  
The contours of the droplet were simultaneously monitored with the video camera 
from the top. The magnification of the top-view was up to 14.2 . The image 
resolution was 550 400  pixels with a frame rate of 12. Images were analyzed to 
extract the evolution of the drop’s base radius over time. 
All the experiments were conducted at a temperature of 23 0.5 C   and at a 
relative humidity of 60 5% . The slight fluctuations in the temperature and the 
humidity have a minor influence on the experimental results. Measurements were 
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repeated several times. Results presented in the discussion section are shown as 
mean values from all measurements. 
Silicone oil (Toshiba Silicone) without further purification was used. Its density 
and viscosity are 0.96 kg m
-3
 and 50 cP, respectively. Prior to use, the crystals 
were first sonicated in pure water for ~10 min, then rinsed with pure ethanol for 
~30 min, and eventually dried with air.  
 
4.4 Results and Discussion 
 
Figure 4.3 shows the time-dependent frequency shift f of the QCM for a 2 μL 
droplet of silicone oil added onto the center of the upper gold electrode. The 
resonant frequency shift was continuously recorded throughout the spreading 
process which lasted for about 160s. The initial abrupt frequency drop due to the 
addition of the droplet was followed by a short decreasing trend until the 
maximum frequency reduction was reached ( maxf ≈ -650 Hz). Mechanism of the 
frequency drop in the initial stage can be explained as follows. Since the thickness 
of the liquid film originally extends beyond the penetration depth of the shear 
wave, not all the mass present has effect on the shear mode. When the liquid 
spreads to cover a larger portion of the sensing area, an increasing amount of 
mass within the penetration depth can be detected and hence results in further 
frequency reduction. When the initial droplet radius reaches ~2.85 mm (see 
Figure 4.6) and the contact angle is estimated to be 14.5˚, the initial frequency 
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drop calculated by Eq. (4.8) is cal.maxf  ≈ -655 Hz. This is in agreement with the 
measured value of the initial frequency drop in Figure 4.3. 
 
Figure 4.3 Measured (solid curve) and calculated (dotted curve) resonant frequency 
shifts of a 5 MHz QCM upon adding a 2 μL droplet of silicone oil to the center of the 
gold electrode.  
 
After the maximum reduction was reached, the resonant frequency surprisingly 
began to rise, accompanying the increased wetting area. The resonant frequency 
raised by ~150Hz from t ≈ 10 s to t ≈ 160 s. Such an increase in the resonant 
frequency may be due to the spreading of the droplet into the less sensitive region, 
which has not been reported before. The increase in the resonant frequency can be 
related to the undiscovered role of the dynamic contact angle as the liquid droplet 
spreads on the QCM surface. Using the relations given by Eqs. (4.8), (4.12) and 
(4.14), the dotted curve in Figure 4.3 represents the calculated curve with m and Φ 
fitted to be 3.6 and 18.2, respectively, under the assumption that β = 2. For the 
liquid, the surface tension of silicone oil (γ = 20 mJ m-2) was used. The calculated 
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curve shows the same tendency as the experimental data in the time domain 
where an increase of the resonant frequency was observed. Given the simplicity 
of the theory, the fits are fairly good, although the deviations for the initial 20s 
may be caused by the vibration of unstable droplet due to deposition. The fitting 
values of m and Φ are influenced slightly by errors in the β value. A 10% error in 
β results in errors of  4% in m and  10% in Φ.  
 
 
Figure 4.4 Calculated base radius and dynamic contact angle as a function of time 
for a 2 μL droplet of silicone oil spreading on the QCM surface (circles, dynamic 
contact angle; triangles, base radius). 
 
In Figure 4.4, the time evolution of the base radius and the dynamic contact angle 
for the droplet spreading on the QCM surface is shown in accordance with Eqs. 
(4.12) and (4.14). It highlights that the dynamic contact angle of the droplet falls 
steeply at the beginning, and then declines gradually toward 9˚. For validation, we 
simultaneously monitored the contours of the silicone oil droplet spreading on the 
QCM surface with the video camera from the top. Figure 4.5 shows the typical 
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sequence of four video images when a 2 μL droplet of silicone oil spreads on the 
QCM surface, and the edges of the droplet extracted through the image analysis 
program are also shown together with the corresponding times. In Figure 4.6, the 
calculated value of the base radius agrees fairly well with the tendency of the 










 a  
t ~ 0.0s  
 
 b 
t ~ 10.0s 
 
 c 
t ~ 52.0s  
 d 
t ~ 140.0s  
 
Figure 4.5 Typical sequence of four video images showing the spreading of a 2 μL 
droplet of silicone oil on the QCM surface (A-D). The edges of the droplet detected 
by the image analysis program are shown along with the corresponding times (a-d). 
 
It can be deduced for the above results that the observed increment in the resonant 
frequency is the consequence of the variations in the dynamic spreading of the 
droplet. As the dynamic contact angle of the liquid droplet decreases dramatically 
during the spreading process, the effect of the cotangent term in Eq (4.8) becomes 
more pronounced. Consequently, the resonant frequency of the QCM may rise. In 
this case, to quantitatively analyze the experimental data of the QCM loaded by a 
spreading liquid droplet, it is essential to consider the coupled effects caused by 
the radial sensitivity of the QCM and the variation of the dynamic contact angle.  
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Figure 4.6 Base radius of the silicone oil drop spreading on the QCM surface as a 
function of time. The continuous curve is the experimental data acquired with the 
video camera, and the dotted curve is the calculated data as shown in Figure 4.4. 
 
However, there are still a few issues that need to be addressed in the future for 
improving the present analysis. Firstly, the spherical shape assumption for the 
droplet may not be valid, since the spreading of the droplet may be asymmetric 
due to the surface heterogeneity. Secondly, the effective thickness of the droplet 
detectable with the QCM is likely to be underestimated because the shear wave 
actually propagates beyond δ/2 [Lin et al. 1994]. Thirdly, possible contribution 
due to the compressional wave coupling with the shear wave is ignored in present 
analysis [McKenna et al. 2001]. Furthermore, Φ in the Tanner law is likely to be 
dependent on the spreading velocities. The extent of the difference between the 
low- and high-velocity spreading regimes can be up to 40% [Gerdes et al. 1997].  
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4.5 Summary  
 
In this chapter, we have derived an improved model describing the frequency shift 
of the QCM with the time evolution of a Newtonian liquid droplet that spreads 
spontaneously on the electrode of the QCM. The spreading behavior of the liquid 
droplet is modeled by simple hydrodynamic relations that characterize the base 
radius and dynamic contact angle of the liquid droplet. While the previous models 
only cover the influence of the radial mass sensitivity of the QCM, the present 
theoretical platform is an attempt to reveal the undiscovered role of the dynamic 
contact angle on the frequency shift of the QCM loaded by liquid droplet. The 
theoretical results are found to be in good agreement with the experimental data 
obtained with silicone oil. It is found that the contribution of the dynamic contact 
angle becomes more pronounced as it decreases dramatically during the spreading 
process, resulting in an unexpected increase in the resonant frequency. It therefore 
demonstrates that the combination of the knowledge about the radial sensitivity of 
the QCM and the dynamic contact angle of the liquid droplet could potentially 
improve our understanding of the experimental results. 
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5.1 Introduction  
 
In recent years, the QCM has been increasingly served as a promising technique 
for rheological analysis and nondestructive testing of a variety of liquids at 
megahertz range. This technique has its origin in the pioneering work of 
Sauerbrey [1959]
 
who has derived a relation between the decrease in resonant 
frequency of the QCM and the mass of a thin film rigidly coupled to the surface. 
When operating in liquids, the decrease in the resonant frequency of the QCM can 
be attributed to an effectively coupled interfacial liquid layer since the oscillation 
cannot penetrate throughout the bulk liquid but will be evanescently damped 
within a small distance. As a result of the viscous entrainment of liquids, the well-
established Kanazawa equation related the frequency shift and energy loss to the 
square root of the viscosity-density product [Kanazawa and Gordon 1985]. Since 
the pioneering work by Mason and co-workers [Mason 1947; Mason et al. 1949], 
the QCM has evolved as an attractive alternative to the conventional viscometers 
and has been applied extensively for the monitoring of the rheological behavior of 
various fluids, such as low-viscosity liquids [Bund and Schwitzgebel 1998; Saluja 
and Kalonia 2004], oil-based liquids [Ash et al. 2003; Kunter et al. 2005], 
polymers and gels [Bund et al. 1999; Buckin and Kudryashov 2001], foodstuff 
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[Dewar et al. 2006] and protein-based pharmaceuticals [Saluja and Kalonia 2005]. 
However, many studies of the liquid-phase QCM have been limited to fixed fluid 
cells with milliliter volumes. For analyzing certain pharmaceuticals and biological 
fluids that may be either expensive or available in limited quantity, it necessitates 
the development of the droplet measurement which requires microliter volume. 
There are a few prior reported studies of the applications of the droplet 
measurement for assessment of the viscosities of various liquids [Saluja and 
Kalonia 2004, 2005; Ash et al. 2003]. In addition, the same technique of the QCM 
has been exploited to study the dynamic wetting behavior of liquids [Lin et al. 
1994; Lin and Ward 1996; Zhuang et al. 2007] as well as the evaporation of 




When using the QCM to measure droplets, a number of factors must be taken into 
account, including the types of liquids, the solid-liquid interaction and the droplet 
shape. Particular attentions have been paid on the response of the QCM in contact 
with a fluid media that is neither a rigid solid nor a Newtonian liquid. A number 
of models based on either the continuum mechanics approach or the equivalent 
circuit approach have been established to probe the influence of the viscoelasticity 
on the characteristic response of the QCM upon the loading of viscoelastic fluid 
media [McHale et al. 2000; Arnau et al. 2000; Voinova et al. 1999]. According to 
Maxwell’s fluid theory, with increasing molecular size or concentration of fluids, 
the intermolecular interactions will be more prominent and will result in a 
relaxation time of the molecular motions approaching to the time scale of the 
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resonant oscillation of the QCM. Consequently, the contribution of the 
viscoelasticity on the response of the QCM will increase, which could in principle 
give rise to various combinations of the frequency and attenuation response 
[McHale et al. 2000]. 
 
Although the no-slip boundary condition is prevailing in classical hydrodynamics, 
one aspect of the QCM response that has become a contentious issue is the 
possible role of the slippage phenomenon at the device-liquid interface, which has 
its genesis in the experimental observation of the QCM sensor exhibiting the 
surface energy effects [Thompson et al. 2000]. A number of studies in support of 
the slippage phenomena have been summarized in the recent reviews [Steinem 
and Janshoff 2007; Neto et al. 2005; Lauga et al. 2005; Ellis and Thompson 2004]. 
However, Martin et al. [1993] who examined the role of surface roughness argued 
that the anomalous responses associated with varying surface free energy could be 
ascribed to the roughness effects. In order to quantify the slippage effects, the slip 
boundary conditions, either as stress or displacement/velocity mismatch across the 
interface, have been incorporated into the usual no-slip models of the acoustic 
wave resonators [Ellis and Thompson 2004]. Ellis and Hayward [2003] have 
related the velocity mismatch at the solid-liquid interface to the fluid velocity 
gradient by introducing a slip length b .  
 
Although the slippage in both the Newtonian liquid and amorphous solid limits is 
known to decouple the media from the substrate and thereby reduce both the 
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frequency shift and damping [McHale et al. 2000], the influence of the slip at the 
interface between the substrate and the viscoelastic media on the response of the 
QCM will be more complicated and a rigorous treatment has been rarely reported. 
In this chapter, we present a derivation based on the time-dependent perturbation 
theory to develop dynamic equations which can be applied to model the responses 
of the quartz crystal microbalance in contact with a single viscoelastic media. 
Prior presented equations are reformulated to investigate the characteristic 
changes in both the QCM frequency and attenuation as the coated media is 
different from Newtonian liquid to solidlike material. Moreover, the no-slip 
boundary condition at the solid-viscoelastic media interface is relaxed in the 
model by the Ellis-Hayward slip length approach. It allows the influence of the 
slippage at the interface on the response of the QCM on droplet measurement to 
be examined. To complement the theoretical work, a series of experiments have 
been performed which measured both the frequency spectra of the complex 
impedance and the real-time frequency shift of the QCM by loading microliter 
droplets of glycerol solutions and silicone oils with a viscosity between 50 and 
10,000 cS. The results show that the combined effects of the viscoelasticity and 
interfacial slippage could lead to specific predictions that possibly interpret the 
anomalous response observed in the experiments. Thus, these should be taken into 








In this section, we derived a dynamic model based on the time-dependent 
perturbation theory to characterize the time-dependent response of the quartz 
crystal in contact with a single viscoelastic media. The geometry of the model is 
shown schematically in Figure 5.1. In this analysis, we mainly focus on the 
predominant mechanical perturbation, which means that the terms associated with 
the electrostatic potential and displacement and the influence of mobile carriers 
can be neglected. We also assume that the external body forces can be neglected. 
Following the approach taken by Auld [1990], we assume that, for the compound 
resonator consisting of a QCM in contact with a liquid media, the spatial 
distribution of the acoustic fields will be unchanged but the resonant frequencies 
will be perturbed.  
 
 




We start with the fundamental partial differential equation as reported in Hunt et 
al. [2003]: 
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.      
The subscripts u and p denote state variables of the unperturbed and perturbed 
field, respectively; v  and T are the velocity and stress, respectively;   and s  are 
the material density and compliance, respectively. We treat the unperturbed 
resonant angular frequency u  as a real quantity due to the negligible dissipation 
of the quartz crystal, whereas the perturbed resonant angular frequency p  is 
defined to be complex so that (2 )p u i            (  is the half-band-
half-width). Although Eq.(5.1) could be applied generally to a variety of resonator 
configurations  such as SAW, flexural plate wave (FPW) and surface transverse 
wave (STW) resonators, we herein concentrate on the one-dimensional case of the 
QCM. Integrating both sides of Eq.(5.1) over the volume of the compound 
resonator, the integral on the left side is zero under the stress-free boundary 
condition. Unlike the mechanically static biofilm as reported in Hunt et al. [2003], 
we extend the derivation to the case of the quartz substrate coated with the semi-
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infinite viscoelastic media. Thus, the fluid velocity ( )fv y  will be an evanescently 
damped oscillation [McHale et al. 2000] 
 
liq
0( ) expf f
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      (5.2) 
where 0fv  is the fluid velocity at the interface between the substrate and layer. 
The liquid density is liq  and the complex viscosity is i     . Hence, the 
penetration depth  equals to liq2 /( )   , and the shear strain of the liquid layer 











      (5.3) 
where liq /fk i     is the wave vector and /f fV k  is the speed of sound.  
The liquid-phase QCM oscillating at the megahertz frequencies will experience 
the high speeds at the device-liquid interface and the resulted shear rates   at the 
interface are normally on the order of 11000s , which lies in the high shear regime 
and may result in strong slip [Léger et al. 1997a, 1997b]. Hence, it necessitates 
the relaxation of the conventional no-slip boundary condition at the device-liquid 
interface to account for the possible role played by the slippage. The slippage can 
be incorporated into the models of the QCM by using the slip boundary 
conditions either as stress or displacement/velocity discontinuities. Ellis and 
Hayward [2003] have related the discontinuity in velocity at the substrate-fluid 
interface to the fluid layer velocity gradient by introducing a slip length b : 
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where 0sv  denotes the velocity of the substrate at solid-liquid interface. Applying 
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     (5.5) 
where we define a complex penetration depth   of  1 /i    . It can be 
reduced to the no-slip result when 0b  . We presume that the boundary slippage 
influences the perturbation expansion only through the state variables of the 
perturbed field. Through utilization of Eqs.(5.1)-(5.5), we have the integral of   
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Note that the perturbations in the material parameters in our case are 
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where   is the complex stiffness.  
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And the integral of the last term of Eq.(5.1) is given by 
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     (5.8) 
where q  and q  are the density and shear modulus of the quartz crystal, 
respectively. As a simple analysis of Equation (5.8), we assume that neither the 
complex frequency shift  , the liquid density liq , nor the complex viscosity   
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      (5.9) 
For Newtonian liquids ( const.  and =0 ), Eq.(5.9) can be further simplified. 
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      (5.10) 
Eq.(5.10) is essentially the expression derived by McHale and Newton [2004], 
which can be used to model either a dominantly roughness-induced response or a 
partially slip-induced response. If the no-slip boundary condition ( 0b  ) is 
applied, then the Kanazawa result is obtained 
Chapter 5 Effects of Interface Slip and Viscoelasticity on Droplet Measurement 
69 










          (5.11a) 









         (5.11b) 
where K  and K  are the Kanazawa frequency shift and bandwidth shift, 
respectively. Applying the Kanazawa result Eq.(5.11), we can rewrite Eq.(5.9) as: 
 f K                        (5.12a) 
   R K           (5.12b) 
where  
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      (5.13b) 
f  and R  are the correction factors for the Kanazawa frequency shift and 
bandwidth shift, respectively. Assuming the no-slip boundary condition ( 0b  ), 
f  and R  can be reduced to the expressions derived by Arnau et al. [2001] in 
which an extended Butterworth-Van Dyke (EBVD) model was extracted for the 
QCM in contact with a viscoelastic fluid media. However, the derivation in this 
article is more comprehensive in that both f  and R  account for the combined 
effects of viscoelasticity and slippage at the device-liquid interface. For access to 
such combined effects, the calculated correction factors of the frequency shift f  
and the bandwidth R  as a function of the ratio of the slip length to the decay 
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length /b   and the inverse loss factor /    are shown in Figure 5.2. Clearly, as 
either /b   or /    increases, both the frequency and attenuation of the QCM 
calculated from our model will exhibit higher values than the counterparts 
calculated from the Kanazawa model. It is also worth noting that the extreme 
combination of /b   and /    may even give rise to a resonant frequency 
higher than the unloaded QCM as shown by the change in sign in Figure 5.2. 
Furthermore, as shown in Figure 5.3, we have chosen /b  = 0 and 0.1 to illustrate 
the change in the correction factor of the frequency shift f  to the inverse loss 
factor /    without and with a slip boundary condition. It is shown in Figure 5.3 
that the resonant frequency increases towards the unloaded resonant frequency as 
the elastic contribution of the semi-infinite media varying from liquid to solid 
increases, whether the interfacial slippage is present or not. However, Figure 
5.3(b) indicates that the slippage will decouple the loaded media from the device 
substrate and thereby reduce the mass effect.  
 
Figure 5.2 Calculated correction factors of (a) the frequency shift f  and (b) the 
bandwidth R  change as a function of the ratio of the slip length to the decay length 
/b   and the inverse loss factor /   . 




Figure 5.3 Calculated correction factor of the frequency shift f  changes as a 
function of the inverse loss factor /   without and with the slip boundary 
condition: (a) / 0b   ; (b) / 0.1b   . 
 
 
5.3 Experimental Setup 
 
 
Figure 5.4 Schematic diagram of the experimental setup. 
 
 
In addition to the set-up mentioned in previous chapter as shown in Figure 5.4, an 
Agilent 4294A Precision Impedance Analyzer was used to record and analyze the 
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frequency spectra of the impedance of the unloaded and loaded crystals. During 
the measurements, the crystal holder was enclosed in a chamber, where the 
temperature and the relative humidity were monitored and recorded as 23 0.5 C   
and 60 5% . An optical microscope above the crystal was used with the acoustic 
measurements and this allowed observations of the changes in droplet shape. 
 
Measurements were performed on two different groups of liquids: (a) glycerol-
water mixtures; (b) KF96 silicone oils with the viscosity ranging from 50cS to 
10,000cS (Shin-Estu Chemical, Japan). For each experiment, one drop of liquid of 
approximately 2µL was introduced to the top electrode on the quartz crystal by a 
digital adjustable pipet. The microscope with homemade crosshair reticule was 
used to center the droplet. During the experiments, the frequency changes were 
recorded in real-time until the steady loaded frequencies were measured. 
Typically, the measurements for glycerol solutions were followed for 2~3min 
whereas those for silicone oils would be for at least 6h due to high viscosity.  
Each liquid was tested at least five times. During the experiments using the 
Impedance Analyzer, the magnitude and the phase angle of the impedance of the 
loaded crystals at the series resonant frequency (defined herein as the frequency 
of the minimum impedance) would be measured every 15 min for 2h. Crystals 
used for glycerol solutions were throughly washed in pure water followed by 
ethanol and dried in air for at least 1h. In contrast, crystals used for silicone oils 
were washed in xylene and dried in air until the initial values of the frequency and 
resistance under the unloaded conditions were obtained.  
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5.4 Results and Discussion 
 
We first measured the resonant frequency changes of the quartz resonator upon 
the loading of the droplets of different glycerol solutions to complement the 
exemplary analysis of the silicone oils presented below. The area covered by the 
droplets of the glycerol solutions which were extracted from the microscope 
images ranged from 2.33 mm
2
 to 5.54 mm
2
, varying with the glycerol 
concentration. As the mass sensitivity of the quartz crystal varies locally [Hillier 
and Ward, 1992], it is necessary to normalize the measured frequency change to 
the fractional contact area so as to illustrate the role of the viscosity-density 
product for the different solutions. The normalized frequency shift normf  can be 
calculated through multiplying the frequency shift f  by the factor CA A , where 
CA  is the contact area and A  is the area of the smaller electrode (~ 34.2 mm
2
). 
Table 5.1 shows the measured and normalized frequency changes of the QCM 
upon the aqueous glycerol solutions with varying density and viscosity. From 
Figure 5.5, in which normf are plotted against  
1/ 2
 , it shows that the 
normalized frequency shifts are linear with increasing density-viscosity product 
for different glycerol solutions. Figure 5.5 also shows the trend predicted by the 
Kanazawa equation Eq.(5.11). The experimental data are the average of at least 5 
trials with variation less than ±3%, which are consistent with the predicted trend 
within the experimental error, indicating Newtonian characteristics of the glycerol 
solutions. In contrast, the glycerol solutions have been shown to exhibit the 
viscoelastic characteristics at high glycerol concentration [Bund and Schwitzgebel 
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1998]. It could be understood that as Bund and co-worker utilized the 10 MHz 
crystal during their measurements, the onset of viscoelastic characteristics at high 
glycerol concentration became detectable as a result of the comparatively higher 
oscillatory frequency. 
 
Table 5.1 Measured and Normalized Frequency Changes of the Droplet QCM 
Loaded with the Aqueous Glycerol Solutions at 23 (±0.5) ˚C. a 
 
wt% glycerol 10 50 70 90 95 97 98 99 100 
- f (Hz) 110 275 450 954 1060 1025 948 870 776 
-
 * bnormf (kHz) 0.11 0.27 0.53 1.61 2.48 3.02 3.35 3.64 4.11 
L (g cm
-3) 1.026 1.131 1.183 1.235 1.248 1.253 1.256 1.258 1.261 
L (cP) 0.903 5.105 18.3 164 380 553 674 825 1011 
L (cS) 0.880 4.516 15.5 133 304 441 537 656 802 
 





 Measured frequency changes normalized to the area covered by the droplet 
 
 
Figure 5.5 Normalized resonant frequency changes of the QCM for the aqueous 
glycerol solutions as a function of increasing density-viscosity product. Open 
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symbols represent the experimental data. The line represents the predicted response 
(Kanazawa Equation).  
 
In order to further investigate the viscosity (viscoelasticity) response of the QCM, 
the measurements have been conducted on silicone oils with a viscosity ranging 
from 50cS to 10,000cS. The shear-wave penetration depth   for different silicone 
oils, which changes with the kinematic viscosity, is greatest at 25µm for 10,000cS 
oil ( L = 0.975 g cm
-3
) for a 5MHz crystal. The penetration depth for other oils 
( L = 0.960~0.970 g cm
-3
) is lower due to lower viscosity. However, the droplet 
height can be easily in excess of this penetration depth. Typically, for the 1,000cS 
sample the droplet height (~ 0.1 mm) and the contact area (~ 42.0 mm
2
) were 
measured for a duration up to t ≈ 4.5h post-injection. Because the silicone oils 
tended to completely wetting of the gold electrode, enough oil was added to 
ensure the complete coverage of the electrode to minimize the influence of the 
contact area. On the other hand, a small volume (2µL) of the droplet avoids any 
spillage of the liquid beyond the electrode portion of the QCM which could lead 
to the field fringing effects [Hillier and Ward 1992].  
 
Figure 5.6 compares the representative frequency spectra of the impedance 
magnitude Z  and phase angle  for the crystal unloaded or loaded with the 
liquids on the surface. The triangles in each plot mark the minimum impedance 
fs
Z  and the corresponding phase angle fs  at the series resonant frequency. It can 
be seen that the presence of the liquids covering the crystal surface compared with 
the blank quartz crystal gives rise to a significant influence on both Z  and  , 
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which is primarily expressed in the diminution and broadening of the peaks as 
shown in Figure 5.6. Such diminution and broadening of the peaks arises from an 
increase in energy dissipation due to the replacement of the crystal-air interface 
with the crystal-liquid interface and mass loading. Additionally, the impedance 
results show that fs  for 99.8% glycerol was -62.6˚ whereas fs  for silicones oils 
were measured at levels between -82.8˚ and -85.1˚; 
fs
Z  for 99.8% glycerol was 
99.7Ω whereas 
fs
Z  for silicones oils were measured at levels between 143.0Ω 
and 148.4Ω. The experimental results imply that silicone oil samples may lag 
more behind the driven crystal surface compared with glycerol, albeit the density-
viscosity product   for 99.8% glycerol (~ 10.4 g2cm4/sec) is much larger than 
those for silicone samples (   are 0.48 g2cm4/sec and 4.9 g2cm4/sec for 50cS and 
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(a) unloaded quartz crystal 
 
 
(b) 99.8% glycerol 
 
(c) 50cS silicone oil @ t=90min  
 
(d) 500cS silicone oil @ t=90min 
 
Figure 5.6 Experimental plots of the frequency spectra of the impedance magnitude 
(blue curve) and the phase angle (red curve) for the unloaded and loaded quartz 
crystals recorded by Impedance Analyzer. Triangles mark the minimum impedance 
and the corresponding phase angle at the series resonant frequency. (a) unloaded 
quartz crystal, (b) 99.8% glycerol, (c) 50cS silicone oil measured at t = 90min, (d) 































Figure 5.7 Measurement of changes in the resonant frequency of the QCM versus 
time for the droplet deposition of silicone oils with the viscosity ranging from 50 to 
10,000cS (a-h). 
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Figure 5.7 compares the measured real-time changes in the resonant frequency 
f  of the QCM versus the time t  upon the droplet loading of silicone oils with 
increasing viscosity. Similar frequency responses have been measured with all the 
silicone oils. The frequency decreased dramatically due to the droplet deposition 
during the initial few minutes ( f = -200Hz ~ -550Hz). We attributed the initial 
frequency decrease to the replacement of the crystal-air interface with the crystal-
liquid interface when the droplets of the silicone oils cover the top electrode on 
the crystal and the mass loading effect kicks in. Thereafter, the silicone oils would 
exhibit a quite complex long term behavior and the resonant frequency of the 
crystal started to increase steadily for hours for all oils, albeit the magnitude and 
kinetics of the increase in frequency were primarily dependent on the viscosity of 
the silicone oils. Except for the 50cS sample, the final frequency changes for 
other samples exceeded that of the unloaded crystal. Positive frequency shifts 





cS, while f = +800Hz, +600Hz and +160Hz were reached after 
6h with the 3,000cS, 6,000cS and 10,000cS silicone oils, respectively. In contrast, 
f = -110Hz was measured after 7h with the 50cS silicone oil, albeit this negative 
frequency shift was found smaller than the predicted value (ca.-5kHz) by the 
Kanazawa equation using the known density ( L = 0.96 g cm
-3
) and viscosity. 
The underlying nature of the hundreds of hertz frequency up-shift was not likely 
due to the evaporation of the silicone oils, since the supplier’s data sheet shows 
that the KF96 silicone oils are stable for the gaskets and the holder and practically 
nonvolatile at room temperature because of their extremely low vapor pressure. 
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Rather, it may be an indication of the breakdown of the Kanazawa equation which 
only the liquid density-viscosity effect could induce f  changes. Thereby, it is 
suspected that the measured frequency up-shifts could be due to either fluid 
viscoelasticity or interfacial slippage or both. It is known that viscoelastic 
behavior can be observed when the silicone oil is subjected to a relatively high 
oscillation frequency [McHale et al. 2000; Raimbault et al. 2008]. As a result of 
the complex structural composition, the highly viscous silicone oil is likely to take 
on non-Newtonian character in the region of the megahertz oscillation frequency 
so that the enhanced effect of viscoelasticity could lead to increasing resonant 
frequency. It is also possible that the QCM oscillating at the megahertz frequency 
experiences high shear rates at the device-liquid interface, it is suspected that 
interfacial slippage could occur and decouple the silicone oil from the crystal 
which could account for the measured positive frequency change. In summary, 
the experimental findings have been qualitatively discussed based on the model 
proposed in this chapter for the viscoelasticity and interfacial slip effects on the 
QCM responses and may stimulate the ongoing argument on the related issues in 
the QCM community. However, further investigations on both the frequency shift 
and the dissipation to extract the quantitative information like the complex shear 
modulus or slip length are expected to confirm our hypothesis.  
 
From Figure 5.7, it is worth noting that cyclical resonant peaks in frequency were 
found during the measurements, albeit the bandwidth of those resonant peaks 
became wider with increasing viscosity. Since the droplet height is much greater 
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than the shear wave decay length, the shear wave is not likely responsible for the 
rapid changes in frequency. Instead, one possible explanation is that the droplet 
might act as an acoustic cavity for the compressional wave coupled with the shear 
wave. Because the compressional wave is nearly lossless in most fluids, it could 
travel to the free surface of the droplet, to be reflected, and to interfere 
constructively [Schneider and Martin 1995; McKenna et al. 2001; Couturier et al. 
2007]. It is worth performing more experimental studies and analysis on the 
specific phenomenon. 
 
5.5 Summary  
 
A model for the response of the droplet quartz crystal microbalance with one 
surface in contact with a single viscoelastic media has been developed based on 
the time-dependent perturbation theory. In addition, no-slip boundary condition at 
the device-viscoelastic media interface has been relaxed in the present model by 
using the Ellis-Hayward slip length approach. The effects of the viscoelasticity on 
the characteristic changes in the frequency and attenuation of the QCM with and 
without the boundary slippage have also been illustrated. To validate the theory, 
measurements have been conducted with microliter droplets of aqueous glycerol 
solutions and silicone oils with a viscosity in the region of 50~10,000cS. The 
experimental results confirmed that the aqueous glycerol solutions exhibit 
Newtonian characteristics consistent with the Kanazawa prediction. In contrast, 
the acoustic properties of the silicones oils as reflected in the impedance analysis 
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were different from the glycerol solutions. More importantly, it was found that for 
the silicone oils the measured frequency steadily increased for several hours and 
even passed the initial value of the unloaded crystal as reflected in the positive 
frequency changes. The collaborative effects of interfacial slip and viscoelasticity 
have been introduced to qualitatively interpret the observed frequency up-shifts 
for the silicone oils. The present work has demonstrated the potential importance 
of the collaborative effects of viscoelasticity and interfacial slip when using the 
droplet QCM to probe the rheological behavior of more complex fluids. 
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Chapter 6 Effects of Compressional Waves on Response of QCM 





The quartz crystal microbalance (QCM) typically consisting of a thin disk of an 
AT-cut quartz crystal with circular metal electrodes on opposite surfaces has been 
commonly used to monitor the mass changes of deposited thin solid films. This 







            (6.1) 
where 0f  is the crystal resonant frequency, A  is the piezoelectric active area, q  
and q  are the density and the shear modulus for AT-cut quartz. When operating 
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where L  and L  are the viscosity and density of the liquid, respectively. The 
change in frequency of the QCM with one surface fully covered by a Newtonian 
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Chapter 6 Effects of Compressional Waves on Response of QCM with Silicone Droplets 
84  
The Kanazawa equation assumes a uniform shear velocity distribution across the 
crystal surface which is only valid for a crystal with infinite lateral size. However, 
a real QCM with finite lateral size results in a non-uniform distribution and hence 
a radial dependent of the mass sensitivity that is greatest at the center and 
decreases toward the perimeter in an approximately Gaussian fashion [Martin and 
Hager 1989; Josse et al. 1998]. 
 
From conservation of mass, the variation of the in-plane flow will result in flow 
normal to the surface which is associated with the generation of the compressional 
waves in the contacting fluids [Martin and Hager 1989]. While the shear wave 
decays rapidly from the crystal surface, the compressional wave propagates a 
significant distance through the fluid experiencing very little energy loss and is 
coupled back to recombine with the shear wave near the interface region to 
influence the crystal’s oscillating response. Generation of the compressional 
waves has been confirmed by the interference experiments which consist of a 
fluid cavity confined between a QCM resonator and a flat glass reflector [Martin 
and Hager 1989; Schneider and Martin 1995; Lucklum et al. 1997; Lin and Ward 
1995]. If the thickness of the fluid layer reaches a multiple of c /2, where c  
denotes the compressional wave length, successive discontinuities in the resonant 
frequency of the QCM which are attributed to the constructive interference of the 
acoustic waves have been observed. It is also known that the free surface of the 
fluid on the resonator surface may act as a reflecting surface to induce the 
compressional waves and perturb the crystal’s oscillating response. 
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The rheological analysis of certain pharmaceuticals and biological fluids that may 
be either expensive or available in small volume limitation has stimulated the 
development of measuring droplet with QCM. The electrode surface is wetted by 
small droplets of fluid. Several studies reported the applications of the approach 
for assessing the liquid viscosities [Saluja and Kalonia 2004; Ash et al. 2003; 
Saluja and Kalonia 2005]. The same technique has also been used to study the 
dynamic wetting behavior of fluids [Lin et al. 1994; Lin and Ward 1996; Zhuang 
et al. 2007] as well as the evaporation of droplets of volatile liquids [Joyce et al. 
2000]. In these latter studies, the generation of compressional wave was attributed 
to result in the observed perturbations in measurements albeit few being discussed 
in detail. McKenna et al. [2001] have studied the response of quartz crystal 
resonators to small droplets of water using simultaneous frequency measurements 
and video microscopy. The experimental results suggest that the rapid frequency 
changes which are related to the compressional wave generation would occur if 
the droplet height reaches integer multiples of a half of the acoustic wavelength. 
Couturier et al. [2007] have also reported the correlation between the size of the 
water droplets and the compressional wave generation combing frequency and 
dissipation measurements, video camera and the finite element computation.  
 
Recently published experimental results have shown the cyclical discontinuities in 
the resonant frequency of the QCM in contact with small droplets of silicone oils 
spreading on the electrode surface, which may be due to the generation of 
compressional wave [Zhuang et al. 2008]. However, quantitative analysis has not 
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been made. Therefore, we have extended the investigation of the compressional 
wave generation in spreading silicone oil droplets with reference to both resonant 
frequency and dissipation measurements. In addition, taking into account the 
hydrodynamics of the spreading droplets, the eigenmodes of the compressional 
waves have been calculated by the finite element computation and compared with 
the experimental results. 
 
6.2 Experimental Setup 
 
 
Figure 6.1 Schematic diagram of the experimental setup. 
 
 
In addition to the set-up mentioned in previous chapter as shown in Figure 6.1, 
droplets of KF96 silicone oils (Shin-Estu Chemical, Japan) with the viscosity 
ranging from 50 cS to 10
3
 cS  was introduced to the top electrode of the quartz 
crystal by a digital pipet. The droplet volume was about 2 µL. Microscopy with 
crosshair reticule was focused to center the droplet. The measurements for 
silicone oils continued for at least 6h for the crystal’s response to be stabilized and 
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exhibit the long term trend. Crystals after use were washed thoroughly in xylene 
and dried in air until the initial values of the frequency and resistance under the 
unloaded condition were obtained. 
 

























Figure 6.2 The experimental results of the changes in resonant frequency (A-E) and 
resistance (a-e) versus time for different silicone oils with viscosity in the range of 
50-1,000cS. Inserted plots in (a-e) are on a smaller scale to reveal the detailed views 
concerning the resonant peaks. The resonant peaks, noted as A1, B1, C1, D1 and E1, 
correspond to the compressional wave resonances when the central heights of the 
droplets reach one half of the compressional wavelength.  
 
 
Figure 6.2 shows the experimental results of the changes in both the resonant 
frequency and resistance of the quartz crystal versus time in contact with various 
silicone oils with viscosity in the range of 50~10
3 
cS. The initial frequency 
decrease and resistance increase during the first few minutes ( f = -200 ~ -550Hz 
and R = 1000~1200  ) were attributed to the replacement of the crystal-air 
interface with the crystal-liquid interface when the droplets covered the top 
electrode of the crystal. Thereafter, the crystal’s responses exhibited a 
complicated pattern, where both the resonant frequency and resistance of the 
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crystal increased steadily with time albeit the magnitudes and kinetics of the 
increments were primarily dependent on the viscosities of the silicone oils. It has 
been studied by Zhuang et al. [2008] that the effects of fluid viscoelasticity and 
interfacial slippage could be responsible for the upshift of the resonant frequency 
and resistance in measurements. In addition, Figure 6.2 shows the cyclical 
variations in the resonant frequency measured relative to the background, and the 
periodical peaks in the resistance which coincided with the rapid changes in the 
frequency data. Hence, it is assumed that the resonant peaks in the frequency data 
are caused by the decrease in the compliance of the crystal due to the pressure of 
the compressional waves. And the compressional wave radiation would 
correspond to the main mechanism of energy dissipation which caused the 
increase in resistance. The silicone oil droplet would act as an acoustic cavity for 
the compressional wave which could propagate to the free surface of the droplet, 
reflect, and interfere constructively if the droplet height reaches Nλc/2 (λc is the 
compressional wavelength in fluids and N is an integer). To verify our assumption, 
the droplet thicknesses need to be determined in real time by direct measurements 
using a camera. However, artifacts in the images were observed; the droplet edges 
were found to be vague due to light scattering, though enhancement of the images 
may be obtained by using a higher-resolution camera. We have already studied 
the kinetics of spreading of silicone oil droplets, in which the time evolution of 
the central heights and the contact radii of the droplets can be determined by a 
predictive model [Zhuang et al. 2007]. Thus, in the present analysis we have 
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attempted to use this model to calculate the droplet thicknesses corresponding to 
the resonant peaks in the frequency data. 
 
The smallest droplet thicknesses which favor compressional wave resonance 
should in principle be equal to λc/2, which in our experiments corresponded to the 
central heights ch  of the droplets corresponding to the last resonant peaks, noted 
as A1, B1, C1, D1 and E1 in Figure 6.2 for silicone oil with different viscosities. 
The peaks (A1~E1) were measured at time instances expt = 23.9, 48.7, 69.5, 129.3 
and 263.8 min respectively depending on the viscosity of the silicone oil. Using 
the predictive model for the kinetics of the spreading droplets (see the Appendix 
C), we can calculate the time dependent of the central height ch  of the droplets 
with vary viscosities, shown in Figure 6.3. The time instances corresponding to 
the last resonant peaks in the frequency data at heights of λc/2 can be estimated by 
intersections of the curves and the horizontal line at ch = λc/2 (λc ~ 0.2mm in 
silicone oil at 5MHz), noted as A1, B1, C1, D1 and E1 in Figure 6.3. The 
calculated time instances calt = 23.8, 47.7, 69.7, 127.0 and 262.1 min show good 
agreement with those experimentally measured.  
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Figure 6.3 The calculated changes in the central height of the droplets versus time 
for different silicone oils with viscosity in the range of 50-1,000cS. The resonant 
peaks, noted as A1, B1, C1, D1 and E1, correspond to the compressional wave 
resonances when the central heights of the droplets reach one half of the 
compressional wavelength.  
 
 
An issue is to ascertain if the resonant peaks in the frequency data throughout the 
spreading processes appear at well-defined droplet thicknesses corresponding to 
integral multiples of half the acoustic wavelengths. Whereas the droplet 
thicknesses can be determined by the theoretical model, the values of the acoustic 
wavelengths against the varying shapes of the droplets are still needed. In this 
aspect we have followed the approach by Couturier et al. [2007] to apply the 
finite element method for calculating the eigenmodes of a spherical cap consisting 
of perfect fluid without viscosity. To the first order, the shear waves are 
uncoupled with the compressional waves across most of the fluid layer, which is 
important for our finite element simulation to resolve the compressional wave 
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
        (6.4) 
where c is the sound speed ( c  987.3 m/s in 103cS silicone oil). The 
eigenfrequencies / 2   are then the solutions of the equation: 
   
2
2
, , , , 0f x y z f x y z
c

           (6.5) 
where  , , j tp f x y z e  .  We can create a three-dimensional spherical cap of 
radius SR  where br  and ch  are the base radius and central height of the spherical 
cap (see the Appendix C). The time instances to exhibit the resonant peaks can be 
obtained from the frequency data as shown in Figure 6.4(a), numbering 1~9. The 
corresponding values of the base radius br  and central height ch  can be calculated 
by using equations (C.6) and (C.7) when the material properties and volume of 
the droplet are known. The plot of the central heights versus the base radii for 
10
3
cS silicone oil is shown in Figure 6.4(b). The relation  2 2 2S b c cR r h h   
yields the values of sphere radius SR . For the finite element computation, the 
boundary conditions are assumed to be p =0 at the air-fluid interface and zero 










Figure 6.4 (a) The measured frequency changes with time for 1,000cS silicone oil. 
Arrows noted as (1~9) mark the time instances where significant frequency peaks 
were observed; (b) Central height of the oil droplet versus the base radius calculated 







Chapter 6 Effects of Compressional Waves on Response of QCM with Silicone Droplets 
94  
As the droplet’s geometry configuration and the boundary conditions are known, 
we use the finite element software, ABAQUS, to calculate the eigenmodes and 
the eigenfrequencies of a spherical cap. For 10
3 
cS silicone oil, Table 6.1 
summarizes the numerical results, giving the eigenfrequencies at the 
compressional mode for varying droplet shapes. As the sound speed in 10
3
cS 
silicone oil is known to be 987.3 m/s, the corresponding wavelengths λc can be 
calculated. It is found that when the droplet spread on the solid surface, the 
compressional mode eigenfrequency comf  increases with the base radius whereas 
the corresponding wavelength λc decreases. However, as can be seen in Table 6.1, 
the ratio of ch to λc is approximately unchanged at 0.49 (±2%). It supports the idea 
that the resonant peaks in both of the frequency and resistance data appear at well-
defined droplet thicknesses. The small droplets acting as resonant cavities for 
compressional wave formation are favor to exhibit resonance behavior at time 
instances when the droplet heights at the center of the wetted area ch = λc/2. 
Figure 6.5 shows the typical displacement distribution at compressional mode 
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Table 6.1 Simulation results of the eigenfrequency and wavelength at compressional 
















hc / λc 
1 1507 2.999 0.149 3.58171 0.2756 0.5395 
2 2423 3.122 0.137 3.64017 0.2711 0.5060 
3 5425 3.342 0.120 4.01625 0.2458 0.4871 
4 5908 3.366 0.118 4.05288 0.2435 0.4845 
5 6430 3.390 0.116 4.10409 0.2405 0.4837 
6 9047 3.489 0.110 4.31477 0.2287 0.4800 
7 11892 3.581 0.104 4.56126 0.2164 0.4819 
8 13982 3.620 0.102 4.59025 0.2150 0.4744 















QCM has been demonstrated to be a promising tool for accessing fluid properties 
and diverse solid-fluid interfacial phenomena with liquid droplet. However, a 
microliter droplet localized on the surface of the electrodes of finite lateral size 
will cause a nonuniform distribution of the plane velocity. As a result, the 
variation in plane velocity leads to surface normal fluid flow and thus generates 
the compressional waves which couple with the shear waves above the crystal 
surface. In the present chapter, both resonance frequency and dissipation 
measurements with reference to the small droplets of silicone oils spreading on 
the surface of the quartz crystal resonators have been systematically investigated. 
Significant cyclical variations in the resonant frequency and resistance of the 
crystal have been observed when the characteristic sizes of the silicone oil 
droplets are close to specific values known to favor standing compressional wave 
generation. The experimental results were compared with the theoretical values 
predicted by the finite element computation associated with the hydrodynamic 
model. Good agreement between theory and experiment has been obtained. The 
finding supports to the idea that the small droplets on the crystal surface can act as 
resonant cavities for the generation of compressional waves and that the greatest 
propensity to exhibit periodical resonance behavior in the frequency and 
dissipation measurements is at droplet height of λc/2 above the crystal surface.  
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Sessile droplet evaporation on a surface has been well documented since Maxwell 
in 1877 addressed the evaporation of a spherical droplet and also has been studied 
using the quartz crystal microbalance (QCM) [Fuchs 1959], which has its origin 
in the pioneering work of Sauerbrey. Recent work by Joyce et al. [2000] studied 
the evaporation of sessile droplets of homologous series of alcohols on the crystal 
surface. It showed that the extreme modes of droplet evaporation, associated with 
constant contact area and constant contact angle, could be deduced from the 
frequency response of the QCM. McKenna et al. [2001] studied the evaporation 
of droplets of water with simultaneous QCM measurement and microscopy. It 
showed that the evaporation processes including the pinned contact area and the 
retreating contact line stages could be characterized by the resonant frequency 
changes which were related to the droplet position on the electrode. It also 
observed noticeable discontinuities in the responses caused by the compression 
wave generations for non-centrally located droplets. Besides the liquid droplet 
measurements, the QCM has been extensively used to detect the properties of 
material on its surface. During the last decades the QCM has been demonstrated 
to be a promising tool to probe interfacial phenomena including gas adsorption 
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kinetics [Ward and Buttry 1990; Ali et al. 1992], adsorption/desorption in liquids 
[Weerawardena et al. 1998; Schumacher 1990], and wetting behaviors of liquid 
droplets [Lin et al. 1994; Zhuang et al. 2007]. Further work has focused on thin 
films [Forrest et al. 1998; Wang et al. 1993], adhesion of polymers [Brass and 
Shull 2006], and in biotechnology the cell and protein adhesion kinetics [Stadler 
et al. 2003].  
 
The drying of the colloidal suspensions has been a subject of growing interest, 
and has found applications in diverse industries such as biochemical, agricultural, 
food, pharmaceutical, printing, and mineral industries [Brinker and Scherer 1990]. 
Parisse et al. [1997] studied the morphological changes of droplets of the 
concentrated colloidal suspensions while drying on the flat substrate. They found 
the droplet profile during the drying could be interpreted using a renormalization 
procedure, and that a simplified model could be used to describe the renormalized 
film thickness. Dalmaz et al. [2007] addressed a computational single-droplet 
model to simulate the evaporation process of the colloidal silica-water suspension 
and skimmed milk. They found that the model could be applied to investigate the 
effects of main drying parameters such as the droplet size and solid concentration. 
However, few studies on the response of the QCM in contact with aqueous 
suspension droplets have been done. Bell et al. [1997] investigated the change in 
the resonant frequency of the QCM with varying solid concentrations of the 
colloidal suspensions. They found that, within the uncertainty of the experiments, 
the presence of the colloidal particles had no influence on the frequency changes 
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of the QCM. Lec et al. [2001] investigated the sedimentation processes of 
colloidal suspensions using the QCM frequency measurements. Their results 
showed that the QCM could be applied to monitor and analyze the sedimentation 
process of the colloidal suspensions in real-time mode. However, the drying of the 
colloidal suspensions has seldom been studied with the QCM. Although Serizawa 
et al. [1998] studied the electrostatic adsorption of the polystyrene nanoparticles 
onto the modified QCM surface, their experiments were done ex situ after the 
complete drying and did not reflect the drying kinetics. In addition, Pham et al. 
[2004] investigated the kinetics of the evaporation of pure water as well as latex 
and clay particle suspensions with the QCM. They found that the QCM responses 
exhibited the dependency on the particle size and that the different evaporation 
stages could be described by the QCM results.  
 
In this chapter we extend the work by Pham et al. by presenting the experiment 
results for the evaporation of alumina particle suspension droplets located on the 
QCM surface. This process was encountered when we sorted alumina powders to 
be used for ceramic tool sintering [Lim et al. 1997]. Droplets of the suspensions 
with different particle size and solid concentration are used to study the effects of 
the solid phase adsorption onto the QCM surface during the evaporation process. 
Quantitative analysis of the evaporation phenomena is presented using the QCM 
models given in the theory section. Moreover, positive frequency changes after 
complete drying are observed for some suspensions. Physical mechanisms for the 
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positive frequency changes are discussed and quantified in terms of interactions 




7.2.1 Review of QCM Models for Loading with Solid Particles 
 
The AT-cut quartz crystal coated with circular electrodes on both sides can be 
electrically excited in the thickness-shear mode. The small-load approximation is 
commonly used to model the responses of the QCM [Johannsmann et al. 1992]. 
Herein the small-load approximation means that the frequency shift f  is small 
compared to the resonant frequency ff  ( ff f <<1). The complex frequency 
shift f f     then is 
L






   
                                                          (7.1) 
where   are the change in half-band-half-width, and 6 -2q 8.8 10  kgmZ   is the 
acoustic impedance of the quartz crystal. The load impedance LZ is the ratio of the 
stress  and the speed u  at the crystal surface. The small-load approximation 
shows that f  and   are proportional to the imaginary and the real part of the 
load impedance LZ .  
 
If the QCM electrode is partially covered by foreign material, the recent work has 
demonstrated that the effect of the finite contact area on the resonant frequency 
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                                                                            (7.2) 
where CA  is the macroscopic contact area covered by the coated layer and 0A  is 
the active area of the quartz crystal herein referring to the area of the smaller 
electrode. It assumes that the radius of the macroscopic contact area between the 
crystal and the attached media is much larger than the shear wave decay length. 
The sensitivity factor AK  accounts for the effect of the Gaussian radial amplitude 
distribution across the crystal surface [McKenna et al. 2001; Lin et al. 1994; 
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                                                                  (7.3) 
where   is a parameter defining the distribution of the amplitude dependence 
on 0A .   was chosen to be 2 in the present analysis for simplicity [Lin et al. 
1994]. In the full coverage case, A 1K  , whereas for the small contact coverage 
( C 0A A <<1), the QCM response will be approximately twice as sensitive as the 
full coverage case where A 2K   [Flanigan et al. 2000]. 
 
Modeling the particles as solid spheres and assuming that they are rigidly bond to 
the crystal, the motions of the spheres are in phase with the motion of the crystal. 
We denote Sm  and SN as the mass and number of the spheres. The areal mass 
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density is then defined as f S S 0m m N A . Using the stress 
2
fm a    ( a is the 
amplitude of the oscillatory displacement and   is the angular frequency) and the 
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In the other limit, as inertia holds the spheres in place, only the contact stiffness 
will be detected [Dybwad 1985; D’Amour et al. 2006]. We can use one spring 
with spring constant S  to represent the effective contact stiffness detected by the 
QCM. The resulting frequency shift can be given by the small-load approximation 
if the average stress is given by the restoring force of the spring multiplied the 
number density: 
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               (7.5) 
where  exp iu a t  is the oscillatory displacement. Eq.(7.5) predicts a positive 
frequency shift that is proportional to the effective contact stiffness. Eq.(7.5) can 
be extended to account for the spheres partially coupled to the lateral oscillation 
of the crystal which is represented by a mass in series with a spring. If the spring 
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   (7.6) 
where  
1 2
S S Sm   represents the angular resonant frequency of a solid sphere. 
Using the small-load approximation, the frequency shift can be found as: 
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In the limits of S >> and S << , it recovers the mass loading model Eq.(7.4) 
and the simple-spring model Eq.(7.5), respectively.  
 
The contact stiffness is dependent on interaction forces between the solid particles. 
The shear-mode motion of the crystal could be affected by the contact stiffness 
which comes from various sources of interaction forces such as van der Waals 
force, capillary force, friction force, electrostatic force, gravitational force and etc. 
There has been considerable advance in recent years in understanding the various 
interaction forces between solid particles with different techniques and 
instruments [Israelachvili 1992]. The van der Waals force plays a vital role as 
concerning on the short range interactions between the macroscopic particles. The 
van der Waals energy and van der Waals force between two identical spheres in 
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where D  is the distance between the spheres, pd is the sphere’s diameter. A  is the 
Hamaker constant approximately equals to (0.4~4) 1910 J . Thus, the effective 
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It indicates that the effective stiffness Sk  is dependent on the particle diameter 
pd as well as the inverse third order in inter-particle distance D . It is also known 
that the mechanical and adhesion properties of granular matters are very sensitive 
to the presence of small quantities of water in ambient surrounding [Bocquet et al. 
2002; Duran and Jullien 1998]. It has been found that the adhesion force between 
granular matters was drastically dependent on the ambient humidity because the 
condensation of water around the contact sites had a pronounced influence on the 
adhesion strength. This is commonly known as the sandcastle effect [Halsey and 
Levine 1998; Hornbaker et al. 1997]. The capillary force calF  due to the liquid 
bridge connecting two identical spheres can be modeled in the framework of 
classical capillary theory down to tiny radii of curvature r of the liquid meniscus 
[Bocquet et al. 2002]: 
 ( ) π cos 1 / 2cal p LF D d D r                                                           (7.10) 
where L  is the surface tension of condensed liquid and   is the contact angle. 
pd is the radius of the spheres and D  is their distance. Thus, the effective stiffness 











                                                          (7.11) 
It indicates that the effective stiffness Sk  is dependent on the particle diameter 
pd as well as the inverse radii of curvature r of the liquid meniscus. The surface 
tension L  and contact angle   of the condensed liquid also affect the effective 
stiffness Sk . Under certain conditions, such as proper grounding and discharging 
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of the micro/nanoparticles and the sensor, and the smooth surface of the sensor, 
other interaction forces, such as electrostatic force due to contact electrification or 
triboelectrification, frictional force and gravitational force, are less important than 
the van der Waals force and the capillary force to account for the contact stiffness 
between the particles under our lab environment.  
 
7.2.2 Modified Model for QCM in Contact with Alumina Particles 
 
To further describe the experimental responses upon loading with the alumina 
particles after drying different alumina suspension droplets, we can apply the 
above models and include the interaction forces associated with the contact 
stiffness between the alumina particles. After the droplet of the alumina 
suspensions evaporates on the electrode of the QCM, it leaves behind a circular 
residual on the surface. If the amount of the alumina particles is not enough to 
form a continuous monolayer, it is expected that all alumina particles will be 
rigidly attached to the electrode surface. In this case, the frequency shift can be 
calculated by using the mass loading model, Eq. (7.4). Consequently, it shows 
that when the added mass increases with suspension concentration, the resulting 
frequency shift decreases. 
 
On the other hand, when the amount of the alumina particles exceeds the amount 
for a monolayer, multilayer formation on the electrode is expected. It is fair to 
assume that only the first layer is rigidly attached to the electrode surface whereas 
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the second layer and higher layers are loosely bound with each other. Thus, the 
second layer and higher layers may not oscillate in phase with the underlying 
crystal. The interactions between the alumina particles could affect the response 
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where MN is the number of particles corresponding to a monolayer within the 
contact area. Eq.(7.12) indicates that the resonant frequency of the QCM upon the 
multilayer deposition can either increase or decrease with increasing inter-particle 
contact stiffness. It also shows that the mass effect could potentially be offset by 
adjusting the contact stiffness which would result in a positive frequency shift.  
Furthermore, we incorporate the equations of the van der Waals force Eq.(7.9) 
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7.3 Experimental Setup 
 
 
Figure 7.1 Schematic diagram of the experimental setup. 
 
In addition to the experimental set-up mentioned in previous chapter, alumina 
particles with diameters of 50nm, 300nm and 1µm were used. The particles were 
dispersed in 18MΩ water with varying concentrations. The suspensions were well 
mixed before extraction, and the droplet was pipetted at the center of the gold 
electrode. A microscope with home-made crosshair reticule was used to help 
center the droplet. The droplet volume was 2.0 0.01μL  and the initial contact 
radius of the droplet was about 1.59 mm. The use of the microliter droplets 
deposited centrally minimized the influence of the Gaussian radial sensitivity 
distribution and also avoided the generation of compression wave resonance 
[McKenna et al. 2001]. The droplet was left to evaporate in a glass chamber under 
our lab condition: the temperature was 23 0.5 C   and the relative humidity was 
60 5% . Images of the alumina residue left on the electrode after drying were 
taken with the microscope. Used crystals were throughout washed in 18MΩ water 
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followed by ethanol and dried in air for at least 1 hour. Each solution was tested at 
least ten times. Figures 7.2, 7.3 and 7.4(a) in the following section give the 
representative curves of crystal response extracted from the repeated trials. 
 
7.4 Results and Discussion 
 
 
Figure 7.2 The evaporation of a 2µL droplet of the 50nm sized alumina particle 
suspension with a solid concentration of 0.1% w/w on the quartz crystal. 
 
Figure 7.2 shows the time dependent frequency shift of the QCM due to the 
evaporation of the 0.1% alumina suspension droplet containing 50nm sized 
particles. At t ~ 0 min, the deposition of the suspension droplet caused the 
frequency to decrease ( f = -105.8 Hz) due to the replacement of part of the 
crystal-air interface with a crystal-liquid interface. Whereas the water evaporation 
reduced mass detected by the QCM, the sedimentation of the alumina particles 
caused an inverse effect. The 0.1% suspension of 50nm sized particles was so 
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dilute that the effect of the water evaporation outweighed that of the alumina 
particle settling at interface. So the frequency gradually increased due to the mass 
reduction on the electrode until water was exhausted. The depletion of water was 
characterized by the sharp peak in frequency shift at t ~ 30 min post-injection 
(Figure 7.2). The alumina residue left behind the electrode induced a negative 
frequency shift (ca. -4Hz). The added mass can be calculated from the resonant 




                                                                                           (7.15) 
where m  is the mass change, fS  is the mass sensitivity constant (C = -17.7 
ng/cm
2
Hz for a 5 MHz crystal), n is the overtone number (n = 1, 3, 5 …), and f  
is the frequency shift. However, it is found that the Sauerbrey mass predicted by 
Eq.(7.15) is about thirty times smaller than the actual amount of alumina powder 
in the droplet. One possible reason for the underestimated mass is that the small 
contact areas between the alumina particles and the electrode transport little stress 
and induce much less frequency shift of the QCM. Some relevant discussion has 
been done by Lec and Sorial (2001) and D’Amour et al. (2006). 
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Figure 7.3 The evaporation of a 2µL droplet of the 50nm sized alumina particle 
suspension with a solid concentration of 0.5% w/w on the quartz crystal. 
 
 
Figure 7.3 shows the time dependent frequency shift of the QCM due to the 
evaporation of the 0.5% alumina suspension droplet containing 50nm sized 
particles. At t ~ 0 min, the deposition of the suspension droplet induced the 
frequency to decrease ( f = -116.3 Hz) which was slightly different from the 
0.1% suspension droplet. It could be ascribed to the increased density-viscosity 
product of the suspension droplet with more particles [Brenner 1966]. Thereby the 
initial frequency shift resulting from the placement of the droplet at the crystal 
would decrease with the solid concentration. There are two competing mechanism: 
one is the water evaporation to reduce mass loading, the other is the solid 
sedimentation to increase mass loading. For the 50nm sized alumina particles, the 
solid particle sedimentation outweighed the water loss. The resonant frequency 
decreased due to the mass accumulation until water was exhausted by evaporation. 
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The depletion of water was again characterized by the sharp peak at t ~ 26 min 
post-injection, followed by reaching the plateau (ca. -130Hz) at t ~ 28 min post-
injection. The actual amount of the alumina particles in the droplet was 
approximately four times smaller than the Sauerbrey mass. It suggests that the 
increased quantities of alumina residue on the electrode could cause an increased 
number of contact sites between the particles and the QCM surface and hence 
enhances the stress transmission at interface.  
 
Figure 7.4 (a) shows the time dependent frequency shift of the QCM due to the 
evaporation of the 0.7% alumina suspension droplet containing 50nm sized 
particles. Similar to Figure 7.3, the influence of the 50nm sized alumina particles 
settling at interface again outweighed the water loss. The resonant frequency 
decreased due to the mass sedimentation until water was exhausted by 
evaporation. The depletion of water was again characterized by the sharp peak at t 
~ 24 min post-injection, followed by reaching the positive plateau (ca. 6Hz) at t ~ 
25 min post-injection. It is interesting to find the positive frequency shift because 
it is opposite to the Sauerbrey Eq.(7.15) that the resonant frequency will decrease 
with mass added on the crystal surface. Possible mechanism is that after the 
droplet was dried, clusters of alumina particles were left on the electrode as 
shown in the microscope image (Figure 7.5(a)). Inertia held the clusters in place 
and the QCM detected both the mass and the contact stiffness between them. As 
the effect of the contact stiffness outweighed the mass loading, a positive 
frequency shift was expected. The mass of the alumina particles can be deduced 
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), volume (~ 2 µL) and 
solid concentration (~ 0.7 %), and then divided by the mass of a single particle it 
yielded the number of the particles SN  (~ 
105.39 10 ). The contact area CA  (~ 
7.94 mm
2
) can be obtained by imaging the residual spot with the microscope. 
Dividing CA  by the cross-section area of a single particle (= 
2π 4pd  ~ 
151.96 10 m2), it yields MN  (~
94.05 10 ). Using these values, Eq.(7.12) can be 
used to estimate the effective contact stiffness Sk . The solid line in Figure 7.4 (b) 
shows the dependency of the frequency shift on Sk . Points (A-C) in Figure 7.4 
represent the time instances of interest: A) at t ~ 23 min, it started to account for 
the contribution of the contact stiffness Sk ; B) at t ~24 min, the maximum peak in 
frequency shift was measured; C) the steady frequency shift was measured at t ~ 
45 min post-injection. As shown in Figure 7.4(b), it is clear that the frequency 
shift becomes positive as the contact stiffness increases.  
 
 




Figure 7.4 (a) The evaporation of a 2µL droplet of the 50nm sized alumina particle 
suspension with a solid concentration of 0.7% w/w on the quartz crystal. (b) Solid 
line is the calculated dependency of the frequency shift on the effective spring 
stiffness. Points (A-C) in both graphics denote the sequential points of interest: A) at 
t ~ 23 min, it started to account for the contribution of the contact stiffness Sk ; B) at 
t ~24 min, the maximum peak in frequency shift was measured; C) the steady 









Figure 7.5 Frequency shift upon the residue after completely drying (a) 50nm 
(squares) and (b) 1µm (triangles) alumina colloid suspension droplets with varying 
solid concentration. Representative microscope images taken after the water has 
been evaporated show the residual alumina topography at each concentration. 
 
The frequency responses on the evaporation of the alumina suspension drops of 
50nm sized particles were stabilized within 50min in all trials. Plotting of the 
plateau values of the frequency shift versus the 50nm sized alumina concentration 
is shown in Figure 7.5(a). Representative microscope images taken after the water 
has been evaporated have shown the residual 50nm-alumina topography at each 
concentration. The measurements under the same condition were repeated at least 
ten times. The spread in the frequency shift after completely drying could be 
ascribed to the uneven sedimentation of the alumina particles (i.e. the particles did 
not show uniform distribution and packing configuration) since the spread is not 
observed when the droplet is first applied to the crystal surface as reflected by the 
initial frequency shift being less scattering. Furthermore, the influence of spread 
in particle size and surface roughness of particles might also be taken account for 
(b) 
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the experimental errors. It is expected that all alumina particles can be rigidly 
attached to the electrode if its quantity is less than a monolayer. It resulted in the 
negative frequency change whose magnitude increased with concentration. On the 
other hand, as the quantity of alumina increases beyond the monolayer, multilayer 
will be formed. Consequently, the interactions between particles would affect the 
frequency response. The effect of the contact stiffness was more significant with 
increased concentration, where larger positive frequency shift was observed. 
Using the abovementioned procedure, the effective contact stiffness Sk  for 50nm 
sized alumina particles at all concentrations (0.7~5 %w/w) can be estimated by 
Eq.(7.12) to be around 52 10 N/m .  
 
Two possible mechanisms are examined to verify the sources of the contact 
stiffness. First, it is hypothesized that the van der Waals force between particles 
could be a cause of the measured contact stiffness. Using the average estimation 
of Sk  (~
52 10 N/m  for 50nm sized alumina particles) and taking 1910 JA   as a 
typical value, we can use Eq.(7.9) to estimate the distance between the 50nm 
sized alumina particles: D  ~ 27.5 nm. Such magnitude is reasonable compared 
with the particle size. Second, it is hypothesized that the residual water being 
trapped within the inter-particle space can develop liquid bridges around the 
contact sites between particles which pull the particles together and increase the 
contact stiffness. An increased cohesion due to the capillary force known as the 
sandcastle effect has been well studied [Bocquet et al. 2002; Duran and Jullien 
1998; Hasley and Levine 1998; Hornbaker et al. 1997]. Knowing the value of Sk , 
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we use Eq.(7.11) to estimate the curvature radius of the liquid meniscus: r ~ 50 
µm. This is unreasonable since the magnitude considerably exceeds the particle 
size. Thus, we conclude that for 50nm-alumina particles the contact stiffness 
cannot be attributed to the capillary force. Instead it is more likely a result of the 
van der Waals forces between particles.  
 
The evaporation processes of the alumina suspension droplets with larger particle 
diameter of 1µm on the electrode of the QCM were also studied with varying 
solid concentrations. Plotting of the plateau frequency shift versus the 1µm sized 
alumina concentration is shown in Figure 7.5(b). The topographies of the residual 
1µm-alumina at each concentration have also been shown by the representative 
microscope images taken after the water has been evaporated. There are some 
qualitative differences in the responses between 50nm and 1µm particles. For 
1µm sized particles, the positive frequency shift was also found as the alumina 
concentration increased beyond 1%. But the effective contact stiffness for all 
concentrations (1~5 %w/w) was around 3 1N/m , which is 510  times larger than 
50nm sized particles. Similarly, the source of the contact stiffness for 1µm sized 
particles was also verified. For the van der Waals force, using the average value 
of Sk (~3 N/m ) and taking
1910 JA  , the distance between 1µm sized alumina 
particles can be estimated: D  ~ 1.4 nm, unreasonable compared to the particle 
size. On the other hand, for the capillary force, the radius of curvature of the 
liquid meniscus is estimated to be r  ~ 6.6 nm, which is well consistent with the 
earlier studies. Therefore, we conclude that, for 1µm sized alumina particles, the 
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measured contact stiffness is likely to be caused by the capillary force rather than 
the van der Waals force. It’s worth of noting that the ambient temperature and 
humidity may affect the quantity of the residual water among the granular and 
hence change the capillary force and the contact stiffness. Moreover, it is found in 
Figure 7.5(b) that the magnitudes of the frequency increment tend towards 
saturation at high concentrations, implying that the effective contact stiffness 
reduces with increased solid concentration. Similar behavior is observed for 
300nm sized alumina particles (Figure 7.6). One possible explanation is that the 
water condensation around the contact sites between the larger particles is 
dependent on the particle size and packing configuration. However, the 
quantitative analysis of the capillary force on each condition is not available yet. 
In summary, the present work is related to the application of alumina powder for 
ceramic tool sintering [Lim et al. 1997].  QCM appears to be an accurate and 
attractive method for determining the amount of alumina powder required for the 
colloidal suspension. However, the present work has shown that the results from 
QCM measurements are highly dependent on the particle size and the inter-
particle interactions and must be used with caution. 
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Figure 7.6 Frequency shift versus solid concentration after completely drying 
alumina colloidal suspension droplets with different particle sizes: (■) 50nm; (▲) 





In this chapter, it has reported the application of the QCM for the study of the 
evaporation of the colloidal suspension droplets on the QCM surface. Droplets of 
the alumina particle suspensions with varying particle size and solid concentration 
were investigated. Characteristic responses of the resonant frequency, associated 
with the different evaporation stages were found, and the experimental results 
showed the significant dependency on the particle size. Quantitative analysis of 
the experimental data was performed by using the QCM models proposed in the 
theory section. While the mass interpretation can be applied to model the QCM 
responses on the adsorption of the alumina particles from the dilute suspensions, 
for the concentrated suspensions it needs to account for the effects of the contact 
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stiffness on the frequency responses. More importantly, the positive frequency 
changes after the complete evaporation were observed for some suspensions. 
Interpretation of the positive frequency changes in term of the contact stiffness 
was developed. Possible physical mechanisms for the contact stiffness were also 
discussed and quantified in terms of the inter-particle forces including the van der 
Waal force and capillary force. It has been found that, whereas for the small 
particles the van der Waal force was responsible to the contact stiffness, for the 
larger particles the capillary force arising from the sandcastle effect dominated. 
However, the quantitative account of the capillary force at each concentration 
needs to be discussed in future. The present study on the sedimentation of alumina 
powders is related to the development of nanomaterials and ultra-thin functional 
coatings of nanoparticles. QCM appears to be an accurate and attractive method 
for determining the amount of the alumina powder required for the colloidal 
suspensions. However, the present work shows that the results from the QCM 
measurements are highly dependent on the particle size and the inter-particle 
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Chapter 8 Conclusion 
 
 
This work has investigated the response of the quartz crystal microbalance (QCM) 
in contact with droplets of various liquids including aqueous solutions, silicone 
oils and colloidal suspensions, and has shown the ability of the droplet-based 
QCM of monitoring wetting or evaporation phenomena. First, the question of 
whether the adsorption induced surface stress affected on the response of the 
QCM was investigated. We modified the thin plate model in which adsorption 
induced surface stress was incorporated and defined by experimental parameters. 
The major conclusion of the numerical examples was that for the crystal plate of 
small size, the surface stress would result in increase in the resonant frequency. It 
is suggested that when the miniature QCM is used for microweighing, the shift of 
the resonant frequency may be due to the combined effects of added mass and 
surface stress. Additionally, the influence of the adsorption induced surface stress 
appeared more significant for smaller scales. To our knowledge, no one has 
reported the theoretical model of the effects of the adsorption induced surface 
stress on frequency shift. The present work may provide an insight into the 
fundamental understanding of the QCM response on deposited metal films or bio-
molecular adsorption.  
 
We also developed an improved model to describe the time evolution of the 
frequency shift when a liquid droplet spread on the top electrode of the QCM. The 
Chapter 8 Conclusion 
121 
spreading of liquid droplet was characterized by the hydrodynamic models 
through two key parameters: base radius of the droplet and dynamic contact angle 
formed between the droplet and the electrode. The present theoretical platform 
has revealed for the first time the effect of the dynamic contact angle on the 
frequency response of the QCM in contact with a spreading liquid droplet. The 
theoretical results were in agreement with the experiments using silicone oils. It 
was found that when the dynamic contact angle of the droplet reduced 
dramatically during spreading, it contributed on the considerable increase in the 
frequency shift of the QCM. This finding suggests that combination of the 
knowledge of the radial sensitivity of the QCM and the dynamic contact angle of 
the droplet could be useful to interpret the experimental results when using the 
QCM to access properties of liquid droplets.  
  
It has shown in our experiments that the resonant frequency of the QCM steadily 
increased for hours and finally exceeded the initial value of the unloaded crystal 
after the silicone oil droplets were deposited on the electrode. In order to explain 
the abnormal frequency up-shift, we developed a novel model based on the time-
dependent perturbation theory. The model which incorporated the collaborative 
effects of interface slippage and viscoelasticity was able to qualitatively interpret 
the measured frequency up-shift for the silicone oils. However, the present model 
can not extract the quantitative parameters such as the complex shear modulus of 
silicone oils or the interface slip length from the experimental results. Moreover, 
the experimental results have shown significant cyclical variations in the resonant 
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frequency and the motional resistance of the crystal when the characteristic sizes 
of the droplets were close to specific values known to favor compressional wave 
resonance. We have performed the finite element computation associated with the 
hydrodynamic model and obtained good agreement with the experimental results 
of QCM with silicone droplets. The findings supported the idea that the droplets 
on the crystal surface could act as resonant cavities for the generation of 
compressional waves, particularly at the droplet height of λc/2 above the crystal 
surface. The aforementioned work has demonstrated that the droplet-based QCM 
can be employed as a rheometer only if contributions arising from a variety of 
factors (including the interface slippage, the viscoelasticity of the liquids, and the 
compressional waves generated near the interface zone) have been taken into 
account. 
 
We measured the frequency shift of the QCM in contact with droplets of alumina 
suspensions with varying solid concentrations and particle sizes. Characteristics 
of the frequency shift associated with different evaporation stages of the droplets 
were present. More importantly, the QCM detected the positive frequency change 
when the droplet of alumina powder suspension dried on the upper electrode. The 
striking positive change was interpreted by using a novel QCM model that 
accounted for the effect of the contact stiffness. Furthermore, possible 
mechanisms for the contact stiffness were discussed in terms of the inter-particle 
forces including van der Waals force and capillary force. It was found 
experimentally that, whereas for small particles van der Waals force dominated 
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the contact stiffness, for larger particles the capillary force arising from the 
sandcastle effect dominated. The QCM appears to be attractive for weighing 
sedimentation of alumina powder as referring to development of nanomaterials 
and ultrathin functional coatings of nanoparticles. However, the present work 
demonstrates that the results from QCM measurements are highly dependent on 
particle size and interparticle interactions and must be used with caution. 
 
We have shown the systematic investigation on the responses of the quartz crystal 
microbalance (QCM) in contact with droplets of various liquids. The theoretical 
models proposed in the present thesis would be of importance in quantitatively 
characterizing the shift of the resonant frequency of the QCM in contact with 
either liquid droplets or solid particles. On the experiment side, the present work 
could supplement the earlier literatures and contribute to further theoretical and 
experimental studies in which the QCM acts as a true acoustic probe in a diverse 
set of applications to describe the acoustic interaction between the crystal and the 
samples. Recently many groups are working on the applications of the QCM as an 
emerging tool in cell biology. However, the knowledge in this field is somewhat 
empirical. In the future, we expect to implement our work on the droplet-based 
QCM into the aspect of cell biology and elucidate its potential for studying cell-
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    We examine a small, thin Newtonian droplet that is rather close to a spherical 
cap. Its central height ch  is much smaller than its base radius br  when its contact 
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We examine a small, thin Newtonian droplet that can be approximated as a 
spherical cap. Its central height ch  is much smaller than its base radius br  when its 
contact angle is small ( <<90˚). Under these assumptions, we have 
2
2
c bV h r

        (C.1) 
1
2
c bh r        (C.2) 
where the droplet volume V is assumed to be constant due to the negligible 
evaporation. Using (C.1) and (C.2) to eliminate ch , we have 
3
bV r         (C.3) 
  Considering a Newtonian liquid droplet spreading on the smooth and 
homogeneous solid surface, a universal relation between the contact angle   and 
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where L  and LV  are the viscosity and the surface tension of the liquid. In our 
previous paper [Zhuang et al. 2007], the values of m for the silicone oil droplets is 
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about 3.6 and slightly affected by the viscosity of the silicone oils. Hence, m is 
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